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In this review we will explore recent advances in the design and application of excited-state intramolecular
proton-transfer (ESIPT) based fluorescent probes. Fluorescence based sensors and imaging agents (probes)

Received 4th September 2018 are important in biology, physiology, pharmacology, and environmental science for the selective detection

DOI: 10.1039/c8cs00185e of biologically and/or environmentally important species. The development of ESIPT-based fluorescence
probes is particularly attractive due to their unique properties, which include a large Stokes shift, environmental

rsc.li/chem-soc-rev sensitivity and potential for ratiometric sensing.

Introduction science for the selective detection of biologically and/or environ-

mentally important species for around 150 years. The use of
Fluorescence based sensors and imaging agents have been routi-  fluorescent probes has revolutionised our understanding of a range
nely used in biology, physiology, pharmacology, and environmental of physiological or pathological processes and have provided

“ Department of Chemistry, University of Bath, Bath, BA2 7AY, UK. E-mail: s.d.bull@bath.ac.uk, t.d.james@bath.ac.uk

b Department of Chemistry, University of Texas at Austin, 105 E 24th street A5300, Austin, TX 78712-1224, USA. E-mail: sessler@cm.utexas.edu

Key Laboratory for Advanced Materials and joint International Research Laboratory of Precision Chemistry and Molecular Engineering, Feringa Nobel Prize Scientist Joint
Research Center, School of Chemistry and Molecular Engineering, East China University of Science and Technology, 130 Meilong Rd, Shanghai 200237, China.
E-mail: xphe@ecust.edu.cn, tianhe@ecust.edu.cn

 Department of Materials and Life Sciences, Faculty of Science and Technology, Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-8554, Japan

¢ Department of Chemistry, The Hong Kong University of Science & Technology (HKUST), Clear Water Bay, Kowloon, Hong Kong, China. E-mail: tangbenz@ust. hk

I Department of Chemistry and Nano Science, Ewha Womans University, Seoul 120750, Korea. E-mail: jyoon@ewha.ac.kr

Luling Wu received his MSc in 2017 from Shanghai Normal
University. In 2017, he was awarded a scholarship by the China
Scholarship Council (CSC) to carry out a PhD at the University of
Bath. Tony D. James is a Professor at the University of Bath, Fellow
of the Royal Society of Chemistry and holds a Royal Society Wolfson
Research Merit Award (2017-2022). His BSc was from the Uni-
versity of East Anglia (1986), PhD from the University of Victoria
(1991), Postdoctoral Research with Seiji Shinkai (1991-1995) and
Royal Society University Research Fellow at the University of
Birmingham (1995-2000). He was awarded the Daiwa-Adrian Prize
(2013), the inaugural CASE Prize (2015) and MSMLG Czarnik
Award (2018). Steven D. Bull received a BSc joint Hons from the
From left to right: Luling Wu, Tony D. James, University of Cardiff, a PhD from University of Cardiff (1990),
Steven D. Bull and Adam C. Sedgwick and was post-doctoral fellow at the University of Queensland
(1991-1993) and University of Oxford with Professor S. G. Davies
(1994-2000). He joined the University of Bath in 2000 where he is a Professor of Organic Chemistry. He was awarded a Royal Society
Industrial Fellowship (2002-2006), the Daiwa-Adrian Prize (2013) and University of Bath prize for outstanding PhD supervision (2013).
Adam C. Sedgwick, received his MChem from the University of Bath in 2014, during which he undertook an industrial placement at
BioFocus (now Charles River) working as a medicinal chemist. He recently finished his PhD studies at the University of Bath. He has just
moved to University of Texas at Austin to carry out a Post. Doctoral Fellowship under the supervision of Jonathan L. Sessler.

8842 | Chem. Soc. Rev., 2018, 47, 8842-8880 This journal is © The Royal Society of Chemistry 2018


http://orcid.org/0000-0002-3132-2913
http://orcid.org/0000-0001-6574-5861
http://orcid.org/0000-0001-5087-3828
http://orcid.org/0000-0001-8244-5123
http://orcid.org/0000-0002-8736-3511
http://orcid.org/0000-0002-4095-2191
http://orcid.org/0000-0002-9576-1325
http://orcid.org/0000-0002-0293-964X
http://orcid.org/0000-0003-3547-7485
http://orcid.org/0000-0002-1728-3970
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cs00185e&domain=pdf&date_stamp=2018-10-23
http://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00185e
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS047023

Open Access Article. Published on 26 outubro 2018. Downloaded on 08/09/2024 22:13:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

effective sensing protocols for the detection of harmful species
that may have been released into the environment (aqueous
and gaseous). Despite the significant progress made in this
exciting field, a number of challenges, including ease-of-use,
selectivity, and sensitivity, still remain. The challenges are com-
pounded by the increasingly stringent requirements for detection
that have been introduced by regulatory bodies, which means
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that current fluorescent probes may not be suitable for use in a
real-world setting."%”

Fluorescent probes use either specific host-guest inter-
actions, or a selective chemical reaction to produce a change
in the fluorescence properties of the system. When the binding
between the host and guest is non-covalent and reversible, then
the fluorescent probe is known as a chemosensor. However,
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if the interaction between the host and guest produces an
irreversible chemical reaction, then the fluorescent probe is
referred to as a chemidosimeter.>® Over the years, these two
definitions, as well as the term ‘fluorescent probe’, have been
used interchangeably (and ambiguously), therefore for the
purpose of this review both types of sensor will be referred to
as fluorescent probes. Traditionally, three classic fluorescence
mechanisms have been exploited to generate a fluorescence
response, namely PET (Photoinduced Electron Transfer), FRET
(Forster Resonance Energy Transfer) and ICT (Internal Charge
Transfer). In this review, we will focus on probes that use
excited-state intramolecular proton transfer (ESIPT), or a combi-
nation of fluorescence mechanisms (AIE/ESIPT, PET/ESIPT,
ICT/ESIPT or FRET/ESIPT) for the detection of biologically and/or
environmentally important species.

The process of excited-state intramolecular proton transfer
(ESIPT) was first reported by Weller in the 1950s for salicylic
acid.” Since then, the photophysics of ESIPT has been extensively
studied and applied to a range of applications.>** In general,
molecules can exhibit ESIPT fluorescence if their structures
incorporate an intramolecular hydrogen bonding interaction
between a hydrogen bond donor (-OH and NH,) and a hydrogen
bond acceptor ((—N- and C=—O0). The most common ESIPT
fluorophores are analogues of 2-(2'-hydroxyphenyl)benzimidazole
(HBI), 2-(2’-hydroxyphenyl)benzoxazole (HBO) and 2-(2"-hydroxy-
phenyl)benzothiazole (HBT). Additional ESIPT fluorophores
that have been reported include quinoline,"” benzophenones,"?
flavones,"* anthraquinones,” benzotriazoles,'® N-salicylidene-
aniline,"” and quinoxalines,'® as illustrated in Fig. 1.

ESIPT is a unique four-level photochemical process, with the
electronic ground state of ESIPT fluorophores typically existing
in an enol (E) form. Upon photoexcitation, the electronic charge
of such molecules can be redistributed, resulting in greater
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Fig. 1 Representative examples of commonly used ESIPT fluorophores.
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Scheme 1 Diagrammatic description of the ESIPT process.

acidity for the hydrogen bond donor group and increased
basicity for the hydrogen bond acceptor within the E form. As
a result, an extremely fast enol to keto phototautomerization
(kgsier > 10'* s71) event takes place, with the excited state enol
form (E*) rapidly converting to its excited keto form (K*). After
decaying radiatively back to its electronic ground state, a
reverse proton transfer (RPT) takes place to produce the original
E form (see Scheme 1).

Because of this rapid four-level photochemical process,
ESIPT fluorophores are characterized by several particularly
attractive features that make them useful as fluorescent probes
and imaging agents. For instance, ESIPT fluorophores have an
unusually large Stokes shift (~200 nm) when compared to
traditional fluorophores (fluorescein, rhodamine, etc.). This
helps avoid unwanted self-reabsorption and inner-filter effects.
Moreover, due to the transient nature of the four-level photo-
chemical process, the ESIPT emission is highly sensitive to its
local surroundings. Consequently, the presence of polar and
hydrogen bond donating solvents can result in inhibition of the
ESIPT process with the keto (K*) emission often not being
observed. Therefore, many ESIPT fluorescent probes require
a large ratio of organic solvent, or cetyltrimethylammonium
bromide (CTAB), to create a sufficiently hydrophobic micellar
environment to produce a fluorescence response.'>*° Due to
the importance of the environment in ESIPT fluorescence, in this
review we have reported the measurement conditions in the text
and for all figures and schemes. Most ESIPT fluorophores can be
used for ratiometric sensing because they exhibit dual-emission
spectra arising from the excited state enol (E*) and the excited
state keto (K*) emissions. This is particularly useful for
fluorescence detection of biologically and/or environmentally

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Diagrammatic representation of the most common strategy underlying the design of ESIPT-based fluorescent probes.

important species, because ratiometric probes provide direct
information about the concentration of the target analyte with-
out the need for calibration.*!

The general strategy for the development of ESIPT-based
fluorescent probes is based on a design that involves blocking
the hydrogen bond donor of the ESIPT fluorophore with a reactive
unit specific that prevents the ESIPT process. As a result, only enol
emission is observed, because no exchangeable protons are avail-
able. However, exposure of a reactive unit in the probe to a specific
analyte allows access to the keto form which results in the ESIPT
process being turned on (Scheme 2).

ESIPT fluorescence-based sensors for
cations
Proton (H")

The proton (H") is the smallest but most important cationic
species involved in physiological and pathological processes.
Damage to transporters that maintain pH homeostasis is known
to result in cellular dysfunction and metabolic disruption that
can lead to disease.”>** Therefore, monitoring changes in the
PH of biological systems can provide important insight into the
development of different disease states.

Sekar et al. combined HBI and HBT with fluorescein to afford
ESIPT-fluorescein pH-based fluorescent probes (Fig. 2),>**° that
were able to detect pH values between 6-13. Fluorescein has a
remarkably small Stokes shift of 18 nm; however, HBT-fluorescein
and HBI-fluorescein displayed a remarkably large K* Stokes shift
of 248 and 267 nm, respectively, at pH 7, thus demonstrating the
benefit of the ESIPT fluorescent probe approach.

Shuang et al. developed a series of oxime-appended spiro-
benzopyrans as fluorescent pH ratiometric probes 1-R that

This journal is © The Royal Society of Chemistry 2018

HBI-Fluorescein HBT-Fluorescein

Fig. 2 HBI-fluorescein and HBT-fluorescein for the use as pH fluorescent
probes. Measurement conditions: 100% aqueous solution.

R = t-butyl, OCHj3, Br or Ph

Scheme 3 Oxime-appended spirobenzopyrans 1-R for the use as pH
fluorescent probes. Measurement conditions: HEPES/ACN (8:2) buffer
solution.

work in HEPES/ACN (8:2) buffer solutions - Scheme 3. Trans-
formation of the acidochromic spirobenzopyran (closed) form
to the merocyanine (open) form results in the ESIPT process
taking place to provide a dual emission spectrum. Spirobenzo-
pyran (R = ‘Bu) provided a 68-fold increase in ratiometric
intensities (ls45/I552) when the pH decreased from 8.0 to 4.0
(pK, = 5.90).%°

Lysosomes are membrane-bound organelles with internal
acidic environments (pH = 5), which enable a range of digestive
enzymes to function. However, small changes to lysosomal pH
can result in adverse effects that are associated with a number
of diseases.””>°

Chem. Soc. Rev., 2018, 47, 8842-8880 | 8845
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Scheme 4 HBT-based rhodol fluorescent probe 2 for the monitoring of
changes in pH in lysosomes. Measurement conditions: 100% PBS buffer
(10 mM).

Zhang et al. have developed a new lysosome-targeted ratio-
metric fluorescent probe 2 (FR-Lys) by attaching morpholine to
an ESIPT rhodol HBT fluorophore. The morpholine group serves
as a targeting unit for the lysosome. Concurrently, the rhodol
fragment can undergo a pH-modulated open/close reaction of its
spirocyclic fragment; this enables the HBT moiety to provide a
pH modulated ESIPT response (Scheme 4).%°

Interestingly, Singh et al. have reported a theranostic ESIPT
pH probe 3 incorporating a HBT-7-hydroxy-coumarin fluoro-
phore, which was then functionalised with a photocleavable unit
containing the anticancer drug chlorambucil (Fig. 3). Probe 3
exhibited good ESIPT photophysical properties with a large
Stokes shift of 151 nm. Moreover, this theranostic probe was
shown to be pH sensitive. At physiological pH, the phenol is
deprotonated, and no ESIPT takes place with only blue emission
from the coumarin unit being observed. At the slightly acidic pH
levels that are present in many cancer cells,®® the phenolate
anion becomes protonated, thus turning on the ESIPT process
that results in an increase in fluorescence emission at 516 nm.
Photolysis of 3 using UV light at 365 nm was shown to result in
efficient release of chlorambucil. Probe 3 was shown to inter-
nalize into cancer cells, while an MTT assay revealed low cyto-
toxicity towards the MDA-MB-231 cell line. Exposure to UV light,
resulted in probe 3 demonstrating enhanced cytotoxicity due to
the release of chlorambucil inside the cancer cell.*”

Magnesium (Mg>*)

Magnesium (Mg>") is an abundant element that plays a vital role
in a number of cellular processes including cellular proliferation,
a range of enzymatic reactions, cell death, DNA stabilisation and
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S

Scheme 5 A simple naphthalene Schiff base ESIPT fluorescent probe 4
for the detection of Mg?*. Measurement conditions: THF/H,O (9:1).

signal transduction.*® Changes in the concentrations of Mg”*
have been linked to a number of serious illnesses, including
hypertension, diabetes, osteoporosis, renal failure and cardiac
arrest. Consequently, it is of great importance to develop simple
and efficient probes that allow for the monitoring of Mg>" levels
in real time.**

Callan and co-workers designed a simple ESIPT probe 4 for
the ratiometric detection of Mg>". The Schiff base of 4 under-
goes ESIPT to generate a keto tautomer, which enables efficient
binding of Mg** (Scheme 5). Probe 4 was shown to display good
selectivity and high sensitivity for the detection of low concen-
trations of Mg>" (2 puM) in a THF/H,O (9:1) solvent system.
It was shown to bind to Mg”" with a 2:1 stoichiometry and
an association constant (K,;) of (1.4 + 0.1) x 10* M2, meaning
that it could be used potentially as a diagnostic probe for
hypermagnesaemia (high level of Mg>" in blood).*

Zinc (Zn™)

Zinc (Zn”") is the second most abundant transition metal in
nature, which acts as an essential element in a number of
physiological processes.’®*” Changes in Zn>" levels are closely
associated with the onset of a number of diseases, including
breast cancer, cerebral ischemia, Alzheimer’s disease, Parkinson’s
disease, hypoxia-ischemia and epilepsy.***° Furthermore, a
decrease in Zn>" levels has been reported as a potential bio-
marker for the diagnosis of prostate cancer.*® Therefore, the
ability to visualise Zn>" in biological systems could potentially
aid the understanding of its role in disease progression.

Pang et al. developed a bis-HBO fluorescent probe 5 function-
alised with the Zn**-chelating di-(2-picolyl)amine (DPA) ligand.
In the presence of Zn**, probe 5 was shown to exhibit a large
increase in enol fluorescence emission intensity (10-fold),

pH44 pHS4 pH64 pH74 pH8A4

pH9.4

Fig. 3 A HBT-coumarin theranostic pH probe 3 for the monitoring of pH in cancer cells with UV activated drug release of chlorambucil. Measurement conditions:
HEPES/ACN (7: 3) buffer solution. Adapted with permission from (J. Mater. Chem. B, 2015, 3, 3490-3497). Copyright (2015) the Royal Society of Chemistry.
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Scheme 6 A bis-HBO fluorescent probe 5 for the detection of Zn?* using
the chelating ligand DPA. Measurement conditions: HEPES (50 mM, pH 7.2,
0.1 M KNO3 containing 5% DMSO).

which coincided with the appearance of a strong NIR keto
emission peak at 710 nm (Scheme 6).*

Tang et al. developed an ESIPT HBI-derived fluorescent
probe 6 containing the Zn*'-ligand DPA, which had two fluor-
escence emission features due to a presumed ESIPT process.
Addition of Zn** resulted in a significant ratiometric change
in the fluorescence intensity due to inhibition of this ESIPT
process (Scheme 7). Additionally, probe 6 overcame the limitations
of other Zn**-based probes by being able to clearly discriminate
Zn** over Cd*". Furthermore, the 6-Zn** complex exhibited a
highly selective and ratiometric response towards S>~, caused by
displacement of Zn>* ions. This feature led to the suggestion that
probe 6 could be used as a ratiometric probe to effect the
sequential recognition of Zn** and $*>~ in aqueous media.*

More recently, Yin and co-workers developed a thymolphthalein-
HBI fluorophore 7, with hydroxyl and amino groups that pro-
vide a binding pocket for Zn** coordination - see Scheme 8.
Probe 7 was shown to detect low concentrations of Zn** produc-
ing a rapid increase in fluorescence intensity within 5 seconds.
In addition, probe 7 demonstrated excellent selectivity for Zn**

N N\‘éﬁ/
o o
HN N

ESIPT "on" ESIPT "off"

6
Scheme 7 Inhibition of the ESIPT process of 6 through the binding of
Zn?* using ligand DPA. Measurement conditions: HEPES/ACN (8 2) (10 mM,
pH 7.4).

o

SISy
N
H

(I or e
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Scheme 8 Thymolpthalein-based ESIPT fluorescent probe 7 for the
detection of Zn?* in A549 cells. Measurement conditions: EtOH.
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8

Scheme 9 A thiazole-based ESIPT fluorescent probe 8 for the detection
of Zn?* through the inhibition of the ESIPT process. Measurement condi-
tions: EtOH.

over other metal ions and was shown to be able to image Zn**
living A549 cells.*?

Kim et al. have developed a highly selective 2-(2'-tosylamido-
phenyl)thiazole fluorescent probe 8 for the detection of Zn**
in ethanol (Scheme 9). It was shown to bind Zn** selectively
in a 1:1 stoichiometry; however, it was also responsive to
the presence of Cd*". Bound Zn>* could be displaced by the
sequential addition of either hydrogen pyrophosphate or hydro-
gen phosphate, which led to an overall decrease in fluorescence
intensity.**

Copper (Cu* and Cu**)

Copper is an essential element for all living species that acts as
a redox active co-factor for a range of physiological processes,
including respiration, cellular defence, signalling, metabolism
and neurotransmitter biosynthesis.*> Dysregulation of copper
has been associated with a number of diseases including
neurodegeneration, which means the development of fluores-
cent probes for imaging copper in biological systems is highly
desirable.***

Govindaraju and co-workers developed a reaction-based
HBT fluorescent probe 9 for the selective detection of Cu”
and Cu** (Scheme 10). Initially, the ESIPT process of probe 9
is blocked; however, the presence of Cu*/Cu®" results in copper-
mediated oxidative benzylic ether cleavage to release the HBT
fluorophore. Probe 9 was shown to have a high sensitivity and

Scheme 10 Reaction-based ESIPT fluorescent probe for the selective
deprotection of probe 9 for the detection of Cu*. Measurement condi-
tions: 50 mM HEPES, pH 7.2, 2 mM GSH.

Chem. Soc. Rev., 2018, 47, 8842-8880 | 8847
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Scheme 11 Selective hydrolysis of picolinoyl ester of probe 10 and its use
for the fluorescence detection of Cu?*. Measurement conditions: PBS/ACN
(8:2) — pH 7.4.

an excellent selectivity for Cu’ (1 uM) in the presence of 2 mM
glutathione (GSH), under conditions that mimic the reducing
environment of the cell. Additionally, copper-mediated cleavage
of probe 9 resulted in a large ratiometric change in the fluores-
cence intensity. This was taken as support for the notion that 9
could be used as a probe for copper in biological environments.*®

Similarly, Han et al. developed a reaction-based probe con-
taining a HBT fluorophore for the selective detection of Cu**.
This system incorporates a picolinoyl ester unit that can undergo
copper-mediated hydrolysis (Scheme 11). ESIPT of probe 10 is
initially blocked; however, in the presence of Cu®" a large increase
in fluorescence intensity is observed. Probe 10 was shown to be
selective and sensitive (LOD = 16.1 nM) for Cu®" allowing it to be
detected in living cells.*

Guo et al. reported a reversible ESIPT fluorescent probe
for the detection of Cu®>" and the sequential detection of S*~
(Scheme 12). Probe 11 was shown to successfully bind to Cu**
(10 uM), which resulted in quenching of the fluorescence
emission intensity. Interestingly, the addition of $*~ to Cu*'-
11 restored the fluorescence emission due to displacement of
Cu**. Remarkably, a fluorescence “ON-OFF-ON” cycle could be
repeated 5 times via the alternating addition of Cu®* and S*".
Probe 11 displayed excellent selectivity for Cu®>" and a rapid
response time. Excellent water solubility was conferred by the
presence of its hydrophilic trihydroxyl group. A combination of
these desirable features, enabled probe 11 to be used success-
fully to visualise Cu®>" and S>~ in A549 cells.>

Similarly, Li et al. developed a HBT-derived fluorescent
probe 12 for the reversible detection of Cu®>* and cysteine (Cys)
(Scheme 13). Probe 12 was shown to coordinate Cu®" in a 1:1
stoichiometry. This binding results in its fluorescence emission
intensity being quenched due to the deactivation of its ESIPT
process. Cys was shown to react with Cu?**~12 complex within
1 min to restore the initial fluorescence emission intensity,
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Scheme 13 An ESIPT-based fluorescent probe 12 for the reversible
detection of Cu®* and Cys. Measurement conditions: PBS/ACN (8:2), pH 7.4.

thus enabling probe 12 to be used to detect selectively exogenously
administered Cu*" and Cys in Hela cells.”

Cobalt (Co*")

Cobalt (Co**) is an essential trace element that is present in
cobalamins and metalloenzymes that catalyse a range of bio-
logical functions. Unfortunately, the high free redox activity of
Co*" makes it highly toxic to living cells. Therefore, the develop-
ment of fluorescent probes for the detection of relatively low
concentrations of free cobalt species is highly desirable.>*

Govindaraju et al. have developed a reaction-based HBT-
based fluorescent probe 13 whose ESIPT process is initially
blocked. In the presence of Co®* oxidative cleavage at its benzylic
position is facilitated (Scheme 14). This results in a remarkable
ratiometric change in fluorescence intensity through the release
of the HBT fluorophore. In fact, probe 13 demonstrates an
excellent selectivity over other metal ions. Moreover, a minimum
detection level for Co®" of 20 uM was noted.*®

Iron (Fe** and Fe*")

Iron is the most abundant transition metal found in the human
body. It is essential to the functioning of numerous physio-
logical processes. Iron homeostasis is normally tightly regu-
lated, because excess levels of iron result in severe cell damage
and organ damage through metal cation-mediated generation
of excess reactive oxygen species (ROS).>* In fact, abnormal
iron concentrations have been associated with several diseases
including neurodegenerative diseases, anaemia, cancer and
hepatitis.>*>>

Menges and co-workers developed a selective imidazole-
based fluorescent ESIPT probe 14. This system was shown to
bind to Fe*" with a 1:1 stoichiometry and “turn-off” the initial
fluorescence (Scheme 15). These results suggest that this ESIPT
fluorophore may be a highly promising sensing platform for the
development of sensors for other analytes.>®

large Stokes shift

Fluorescence

Scheme 12 Development of a reversible ESIPT fluorescent probe 11 for the detection of copper or 5. Measurement conditions: PBS solution
(10 mM, pH 7.4). Reproduced with permission from (Sens. Actuators, B, 2018, 256, 600-608). Copyright (2018) Elsevier.
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Scheme 14 Reaction-based ESIPT fluorescent probe for Co®* (13) and
the selective deprotection events that underlie its efficacy. Measurement
conditions: 50 mM HEPES, pH 7.2, 2 mM GSH.
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Scheme 15 An imidazole-based ESIPT fluorescent probe 14 used for the
fluorescence detection of Fe**. Measurement conditions: DMSO.

Pang and co-workers have developed a single ESIPT based
fluorescent probe 15, that was used to selectively detect and
discriminate between the trivalent metal ions Cr**, AI*", and
Fe*" in an H,O/EtOH (8:2) solvent system (Scheme 16). Probe
15 was functionalised with two hydrazine ““Schiff bases”, which
enabled selective binding of trivalent cations over divalent
cations. A large increase in the fluorescence emission intensity
was observed in the presence of an M>* cation (Cr** and AI*").
Interestingly, an initial fluorescence increase was observed in
the presence of Fe*"; however, the fluorescence emission was
found to decrease over time, presumably as the result of tauto-
merisation. Probe 15 was shown to be effective at monitoring
intracellular Cr** and AI** levels in human mesenchymal stem
cells.””

Mercury (Hg”™")

Mercury is a naturally occurring element found in the earth’s
crust that the World Health Organisation (WHO) considers to
be one of the top ten chemicals with major public health
concerns. Natural geographical events, such as erosion and
volcanic eruptions, or industrial activities, such as smelting or
chemical synthesis, are potential routes for the release of
mercury into the environment.>® Mercury consumption can
have devastating consequences to human health, as witnessed
in Japan with the consumption of mercury species in contami-
nated fish that occurred in the Minamata incident.”® Therefore,
it is extremely important to have access to methods for

This journal is © The Royal Society of Chemistry 2018
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the qualitative and quantitative detection of mercury in
drinking water.

Ahn et al. developed a ratiometric fluorescent HBT ESIPT
probe 16 for the detection of mercury species. The mode of
action is based on mercury-promoted deprotection of a vinyl ether
group to afford its corresponding phenol (Scheme 17). In the
presence of mercury, the vinyl ether was found to be selectively
hydrolysed. This turns on the ESIPT process, which resulted in a
ratiometric change in fluorescence from blue to cyan emission.
Probe 16 was shown to have high sensitivity (LOD = 20 ppb) and
have an excellent selectively in detecting mercury species over
various other metal ions. These attributes make probe 16 suitable
for the analysis of drinking water. In fact, it was shown to react
with mercury in a 2:1 stoichiometry, thus indicating its potential
for detecting highly toxic methylmercury.®®

Yao et al. developed a novel ratiometric Hg>" fluorescent
probe 17 based on the ESIPT fluorophore, 2-(1-(p-tolyl)-1H-
phenanthro[9,10-d]imidazol-2-yl)phenol, which incorporated a
similar Hg** cleavable vinyl ether group (Scheme 18). The pre-
sence of Hg”" resulted in a ratiometric change in the fluores-
cence intensity (I,77/I35)- A high sensitivity (LOD = 7.8 nM), in
addition to an excellent selectively for Hg>" over other metal
ions, was seen. Additionally, it was shown that probe 17 has
good cell permeability and could be used to visualise exogenously
added Hg>" in Hela cells.”!

Palladium (0, +2 and +4)

Palladium is used in a wide range of applications, including
in dental appliances, as a catalyst for organic synthesis, and
automotive emission control catalysts.®> Unfortunately, palladium
at high concentrations is known to have toxic effects on biological
systems, with low doses promoting allergic reactions.®® Therefore,
given the potential occurrence of palladium in food, medicines,
and water, there is significant interest in developing analytical
methods to determine the concentrations of potential palladium
contaminants.

Bai et al. developed a ratiometric ESIPT flavone-based fluor-
escent probe 18 for the detection of Pd species that was shown
to have good sensitivity (LOD for Pd(u) = 87 nM) and excellent
selectivity over a range of other metal ions (Scheme 19). Probe
18 undergoes a Pd-catalysed depropargylation reaction to release
the fluorophore whose phenolic group enables the ESIPT process
to take place. Remarkably, probe 18 could be used to detect
Pd(wv), Pd(u) and Pd(0) oxidation states, with Pd(u) and Pd(w)
producing the largest ratiometric changes in fluorescence inten-
sity (1517/1412)-64

Chen et al. developed two HBT-derived ESIPT-based fluor-
escent probes 19 and 20. Both rely on similar depropargylation
reactions that are triggered by Pd**. Again, this liberates a phenol,
which allows the ESIPT process to occur (Fig. 4). Exposure to
Pd*", resulted in large increases in the fluorescence emission
intensities of both probes. Interestingly, probe 20 showed greater
sensitivity to Pd** than probe 19 (LOD = 14.6 nM vs. LOD = 285 nM,
respectively). Both probes could be successfully incorporated
into test strips that were able to detect low concentrations of
Pd** (15 ppm) by eye.®
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Scheme 16 A single fluorescent ESIPT probe 15 with the ability to distinguish between Fe®*, Cr**, and A" in solution and in live cells. Measurement
conditions: H,O/EtOH (8:: 2). Reproduced with permission from (Chem. Commun., 2014, 50, 12258-12261). Copyright (2014) The Royal Society of Chemistry.

Scheme 17 Vinyl-ether protected ESIPT probe 16, a species that proved
useful for the selective detection of Hg?". Meaurement conditions: PBS
(pH 7.4) containing 1% ACN. Adapted with permission from (Org. Lett,
2011, 13, 3422-3425). Copyright (2011) American Chemical Society.
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Zeng et al. combined a HBT fluorophore with the electron
acceptor 1,4-dimethylpyridin-1-ium iodide to develop a long-
wavelength ESIPT fluorescent probe 21 that contains an extended
n-electron framework. In the presence of Pd**, probe 21 under-
goes a palladium-mediated depropargylation reaction, resulting
in a ratiometric change in fluorescence intensity (Is3s5/1105)
(Scheme 20). Probe 21 was shown to have the ability to detect
multiple oxidation states of palladium (0, +2, +4). In the case of
Pd>*, excellent selectivity and high sensitivity was seen with a
LOD = 57 nM being recorded in a purely aqueous medium.®®

HO
ESIPT

o
et

Scheme 18 Vinyl protected probe 17 used for the ratiometric fluorescence detection of Hg?* in aqueous solution and Hela cells. Measurement

conditions: PBS (pH 7.4) containing 1% ACN.
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Scheme 19 Propargyl-protected probe 18 for the ratiometric fluores-
cence detection of Pd?*. Measurement conditions: HEPES/ACN (4 : 1).

\
\

Fig. 4 Two ESIPT-based probes 19 and 20 that allow the detection of
Pd?*. Measurement conditions: HEPES/THF (5:2).

Scheme 20 Propargyl-protected 21, a probe developed for the ratio-
metric fluorescence detection of Pd®*. Measurement conditions: PBS
(10 mM, pH = 7.4).

Scheme 21 Pd catalysed decarboxylative deprotection of probe 22, a
process that allows for the ratiometric fluorescence detection of 0, +2 and
+4 Pd species. Measurement conditions: PBS/THF (9:1) pH = 7.4.
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A different approach to palladium sensing was introduced
by Liu et al. These researchers developed an allyl containing
ESIPT dimethylamino-flavone probe 22 with the ability to detect
a range of palladium (0, +2, and +4) species (Scheme 21). Probe
22 was found to react with Pd(0) in a 1: 1 stoichiometry. This led
to the suggestion that Pd(0) initially coordinates to the double
bond to form a m-allyl complex that underwent decarboxylative
elimination of the fluorophore, which allows the ESIPT process
to take place. Probe 22 exhibited a large and rapid ratiometric
change in fluorescence intensity (I5,,/1470) in response to Pd(0),
with a LOD = 9.0 nM (1.5 min). This probe could be used to
visualise Pd(0) in HeLa cells using two-photon fluorescence
spectroscopy.®’

ESIPT fluorescence based sensors for
anhions
Pyrophosphate (P,0,")

Pyrophosphate (PPi) is a biologically important anion, which
is central to a number of biological processes, including ATP
hydrolysis, DNA and RNA polymerisation, and a number of
enzymatic reactions. Moreover, unregulated PPi production,
degradation, and transport is associated with a range of diseases.®®

Pang and co-workers designed and synthesised an ESIPT-
based fluorescent probe 23 containing a binuclear Zn>" system.
Coordination of PPi to Zn>" triggers a large ratiometric fluores-
cence response, due to the ESIPT pathway being turned on
(Scheme 22). Job plot analysis revealed that probe 23 is bound
to PPi with a 1:1 stoichiometry, a conclusion that was further
supported by electrospray mass spectrometric studies. Probe 23
displayed excellent selectivity and was used to detect PPi released
over the course of a PCR experiment, thus demonstrating its
usefulness as a tool for bioanalytical applications.®®

Superoxide (0,7)
Superoxide (O,") is known as the “primary” reactive oxygen

species that is ultimately responsible for generating other ROS/
RNS species, such as H,0, and ONOO™. The production of
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Scheme 22 A binuclear Zn?* ESIPT based probe 23 for the ratiometric detection of pyrophosphate. Measurement conditions: HEPES buffer (10 mM, pH = 7.4).
Reproduced with permission from (Org. Lett., 2011, 13, 1362-1365). Copyright (2011) American Chemical Society.
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Scheme 23 Reaction-based ESIPT fluorescent probes 24 and 25 for the
detection of KO,. These probes operate via two different deprotection
strategies. Measurement condtions: probe 24 - HEPES/DMSO 50:50,
pH = 7.2. Probe 25 — H,O/DMSO 50:50, pH = 7.2.

superoxide mostly occurs in mitochondria, due to leakage of
electrons from the electron transport chain to molecular oxygen.
The high reactivity and short half-life of O, makes it difficult
to detect.”””" O, has been shown to be involved in a range
of pathological conditions such as inflammation, aging, and
ischemia-reperfusion injury.”>’* Therefore, the development of
analytical tools for its real-time detection is highly desirable.

Churchill and co-workers developed two HBT-derived fluor-
escent probes 24 and 25, that are functionalised with phosphi-
nate and 4-nitrophenyl ether groups, respectively (Scheme 23).
Initially, the ESIPT processes of both probes are blocked; how-
ever, reaction with O, results in the phosphino group of 24 and
the p-nitrophenyl group of 25 being cleaved to give the same free
phenolic unit that turns on the ESIPT process. Exposure of probe
24 to O, led to a 60-fold increase in fluorescence intensity,
which enabled it to be used for cellular imaging studies. An MTT
assay for probe 24 in SH-SY5Y cells provided initial evidence that
this probe was not neurotoxic.”*

Peroxynitrite (ONOO )

Peroxynitrite (ONOO™), is a highly reactive nitrogen species
(RNS) that is formed via the diffusion controlled reaction
between superoxide (~O,) and nitric oxide (NO).”>”® Peroxynitrite
is known for its destructive properties, causing irreversible damage
to a range of biological molecules, such as lipids, proteins, and
DNA.”” Peroxynitrite has been implicated as a key pathogenic
factor for a number of diseases, including inflammation, cancer,
ischemia-reperfusion injury, and neurodegenerative diseases.”® *°
Therefore, the development of probes for peroxynitrite detection
could allow for important advances in diagnostics and allow for
improved staging of various medical conditions.

Li et al. reported a simple and effective HBT-based ESIPT
probe 26 that allows for the detection of ONOO™ with a good
selectivity profile and a fast response time (Scheme 24). Probe
26 was shown to be capable of crossing the blood-brain barrier
(BBB) and could be used for two-photon fluorescence spectro-
scopy. This enabled probe 26 to be used for the visualisation of
ONOO™ in neurovascular ischemia progression in a live mouse
brain.®! The excellent properties of probe 26 led to suggestion
that it may have utility in visualising other pathophysiological
processes that result in ONOO™ formation.

James and co-workers developed a boronate-based HBT
probe for peroxynitrite 27. This system exploits the rapid
ONOO ™ -mediated oxidation of a boronate ester fragment that
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Scheme 24 A reaction-based fluorescent probe 26 that allows for the
rapid detection of ONOO™ in cells and within a live mouse brain. Measure-
ment conditions: PBS solution (10 mM, pH = 7.4).
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Scheme 25 A boronate-based fluorescent probe 27 for the rapid detec-
tion of ONOO™ that was found to be effective in both HelLa and RAW

264.7 cells. Measurement conditions: PBS solution containing 52.1% MeOH,
pH = 8.2.

is selective for ONOO™ over hypochlorite and hydrogen per-
oxide (Scheme 25).%> A benzyl boronic ester “protecting’” unit
was used to block the ESIPT process initially. Exposure to
ONOO™ results in oxidative deprotection of the benzyl boronic
ester fragment and leads to an increase in the fluorescence
intensity. Probe 27 was shown to be cell permeable, which
enabled it to be used to visualise ONOO™ in live cell imaging
experiments involving the HeLa and RAW 264.7 cell lines.**
More recently, James and co-workers developed a ratiometric
boronate-based ESIPT probe for the visualisation of ONOO™
within the endoplasmic reticulum.®*

Sulfites (SO;> /HSO; )

Sulfur dioxide (SO,) is a toxic pollutant that is produced by a
variety of industrial processes,®®” SO, is also produced enzy-
matically in the cytosol and mitochondria of cells. It then
equilibrates to form HSO; ™, or SO;>~. Endogenously generated
SO, acts as a signalling molecule in several physiological
processes; however, elevated levels of SO, have been associated
with a number of diseases, including cardiovascular disease,
cancer, and ischemia-reperfusion injury.®®

Song and co-workers have developed a levulinate ester-
functionalised HBT fluorescent probe 28 for the ratiometric
detection of SO;>~. Exposure of probe 28 to this latter dianion
triggers a cyclisation reaction that leads to cleavage of the
levulinate ester fragment and release of the HBT fluorophore
(Scheme 26). A large change in ratiometric fluorescence inten-
sity (I46s/I373) was observed when SO;>~ (0-1000 uM) was added.
Moreover, probe 28 demonstrates excellent selectivity over other
anions, illustrating its potential for the detection of SO;>~.%°

Hypochlorite (HOCI/CIO )

Myeloperoxidase (MPO) in leukocytes catalyses the reaction
between chloride anions and H,0, to generate hypochlorous

This journal is © The Royal Society of Chemistry 2018
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Scheme 26 Levulinate-functionalised HBT fluorescent probe 28, which
allows for the triggered release of HBT and the detection of SOz°~.
Measurement conditions: PBS/CAN (50:50) pH = 7.4.

acid (HOCl/CIO ™), which is a biologically important reactive
oxygen species generated by the immune system for its micro-
biocidal properties.”® Unfortunately, excess production of HOCI/
ClO™ can lead to uncontrolled damage of a range of biomolecules,
such as amino acids, proteins, carbohydrates and lipids.”** As a
consequence, HOCI/CIO™ has been associated with cell and tissue
damage, as well as a number of diseases.”® These deleterious
properties provide an incentive to develop probes allowing for the
effective detection of HOCI/CIO™.

Yoon and co-workers have synthesised a diaminomaleo-
nitrile (DMN)-based ESIPT fluorescent probe 29 for the detection
of HOCI/CIO™ (Scheme 27). Probe 29 undergoes HOCI/CIO™
mediated imine hydrolysis to release the corresponding alde-
hyde (as confirmed by high resolution mass spectrometry). It is
this release that responsible for the observed increase in fluores-
cence intensity. Probe 29 was shown to display excellent selec-
tivity over other ROS/RNS, including ONOO™ and H,0,. It also
displayed high sensitivity, reacting fully with HOCI/CIO™ in less
than a minute. This enabled it to be used to monitor exogenous
and endogenous HOCI/CIO™ production in living cells and
tissues using two-photon microscopic analyses.’*

Goswami et al. designed a thiosemicarbazide HBT-based
fluorescent probe 30 for the ratiometric detection of HOCI/CIO™.
These latter species were proposed to disrupt the hydrogen
bonding network of the probe, resulting in inhibition of the
ESIPT process (Scheme 28). Probe 30 demonstrated high selec-
tivity and sensitivity for HOCI/CIO™ exposure which was accom-
panied by a colorimetric change from orange to blue. Probe 30
was shown to be able to detect different concentrations of HOCI/
ClO™ in tap water, illustrating its potential utility in monitoring
the quality of drinking water.”®

Chen and co-workers developed a dithiolane functionalised
HBT-based fluorescent probe 31 for the detection of HOCI/CIO ™.
In this case advantage was taken of the ability of hypochlorite to
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Scheme 27 A two-photon diaminomaleonitrile (DMN)-based ESIPT
fluorescent probe 29 for the selective detection of HOCI/CIO™ in RAW
264.7 cells and hippocampal brain slices. Measurement conditions: PBS/
DMF (8:2) pH = 7.4.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chem Soc Rev

s S,
j\ /(Q\W\O _Hociclo- ] iN/hll(Q\h\l/\@

OH N
HoN N N N O\H
30 cio
ESIPT ‘on’ ESIPT 'off'

Scheme 28 A thiosemicarbazide HBT-based probe 30 for the selective
detection of hypochlorite (HOCI/CIO™), including in tap water. Measure-

ment conditions: ACN/H,O (50:50).
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Scheme 29 Fluorescent probe 31 that exploits the oxidation of a dithio-
lane functionalised HBT to permit the detection of hypochlorite. Measure-
ment conditions: PBS (pH = 7.4, 10 mM).
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Scheme 30 Selective oxidation of a dimethylthiocarbamate moiety is
exploited to generate the HBT-based fluorescent probe 32, which was
used for the detection of hypochlorite. Measurement conditions: PBS
(pH = 7.4, 10 mM, 1% DMSO) containing 1 mM CTAB.

oxidise the dithiolane functionality to its corresponding fluor-
escent aldehyde (Scheme 29). This reactivity profile, which is
reflected in a colour change from yellow to blue, enabled probe
31 to be used as a highly selective and sensitive probe for
HOCI/CIO™ with a LOD = 8.9 nM. Probe 31 was shown to be cell
permeable and capable of detecting both exogenous and endo-
genous HOCI/CIO™ in HeLa cells.®®

More recently, James and co-workers have developed a
thiocarbamate functionalised HBT-OMe fluorescent probe 32
for the detection of HOCI/CIO™ (Scheme 30). Addition of HOCl/
ClO™ resulted in rapid hydrolysis (<10 s) of the thiocarbamate
linker resulting in a large increase in fluorescence intensity
(>40-fold). This probe demonstrated high sensitivity (LOD =
0.16 nM) and excellent selectivity for hypochlorite over other
ROS/RNS. It was capable of detecting exogenous and endo-
genous HOCI/CIO™ in HeLa cells. Test strips impregnated with
32 were prepared and shown to be useful for the qualitative
detection of different concentrations of HOCl/CIO™ in water.
Alternatively, 32 was shown to be capable of performing as a
dual input logic gate for detecting Hg>" and H,0,. Exposure of
32 to Hg>" led to a significant increase in fluorescence intensity
after 30 min; however, due to the large difference in response
rates, no interference from Hg>" was observed when probe 32
was used to test for HOCI/CIO™ in drinking water.®”

Cyanide (CN")

Cyanide (CN™) is used extensively for industrial applications,
including gold mining; however, it is one of the deadliest
anionic poisons known. Its toxicity is ascribed to its ability to

Chem. Soc. Rev., 2018, 47, 8842-8880 | 8853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cs00185e

Open Access Article. Published on 26 outubro 2018. Downloaded on 08/09/2024 22:13:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

CN NC
OH
LS o
CgH17~ "CgHiz
No ESIPT

Scheme 31 A salicylaldehyde functionalised fluorene fluorescent probe
33 for the detection of CN™. Measurement conditions: ACN only.
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Scheme 32 A selective HBT fluorescent probe 34 for the detection of
CN™. Measurement conditions: ACN only.

inhibit cytochrome-c oxidase, the final oxidase of the electron
transport chain. Ultimately, this deactivates the electron transport
chain and results in the inhibition of cellular respiration.”®*’
Consequently, the ability to detect low levels of CN™ in the
environment and biological systems is extremely important.

Malik et al. synthesised a salicylaldehyde functionalised
fluorene ESIPT probe 33 for CN ™. This system relies on reaction
of CN~ with the aldehyde group in 33. This affords a stable
cyanohydrin product (Scheme 31) and results in a large increase
in fluorescence intensity. With a calculated LOD of 0.06 ppm,
it was found that probe 33 could be used to image CN ™ in living
SH-SY5Y cells.'*

Similarly, Nandi and co-workers developed a HBT-functionalised
ratiometric fluorescent probe 34 for the detection of CN". In
this case the cyanide anion selectively reacts with the ortho-
aldehyde functionalilty of 34 to afford a cyanohydrin that
inhibits the ESIPT process (Scheme 32). The net result is a
ratiometric change (I;36/I551) in fluorescence intensity. The
detection limit of probe 34 for the cyanide anion was 1.6 uM,
a value that is below the WHO recommended level for CN™ in
drinking water (i.e., 1.9 uM)."**

Fluoride (F7)

Fluoride (F~) occurs naturally at trace levels in all-natural water
sources; however, an ability to detect F~ has garnered consider-
able interest in recent years due to the significant health and
environmental impact that can occur when this halide anion is
present at higher concentrations.**>

Silyl ethers are widely used for the protection of alcohol
and phenol functionalities, with silyl-ether protecting groups
known to be selectively removed by the action of ¥~ to afford
their corresponding alcohols. Several research groups have
exploited this reactivity profile to develop reaction-based fluor-
escent probes suitable for the detection of F~. For example, Yang
and co-workers employed tert-butyldiphenylsilyl ether (TBDPS)
to block the phenol group of probe 35 and inhibit the ESIPT
process (Scheme 33). Exposure to a F~ source results in cleavage
of the O-Si bond which ‘turned on’ the ESIPT process leading to
a ratiometric change in the fluorescence intensity (Iseo/ls1s)-
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Scheme 33 A silyl ether protected HBT-based fluorescent probe 35 for
the detection of the fluoride anion. Mea