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ABSTRACT: D.ue to ever-increasing .mSIghts into thel.r funda- Chomoancors  opoural analyte pH chemosensors
mental properties and photochromic behaviors, spiropyran ('
derivatives are still a target of interest for researchers. The
interswitching ability of this photochrome between the spiropyran
(SP) and merocyanine (MC) isoforms under external stimuli
(light, cations, anions, pH etc.) with different spectral properties as
well as the protonation—deprotonation of its MC form allows
researchers to use it suitably in sensing purposes by developing
different colorimetric and fluorometric probes. Selective and
sensitive recognition can be achieved by little modification of its
SP moiety and functional groups. In this review, we emphasize the recent advancements (from 2019 to 2022) of spiropyran—
merocyanine based fluorogenic and chromogenic probes for selective detection of various metal ions, anions, neutral analytes, and
pH. We precisely explain their design strategies, sensing mechanisms, and biological and environmental applications. This review
may accelerate the improvements in designing more advanced probes with innovative applications in the near future.

1. INTRODUCTION

Spiropyrans are interesting photoswitches that can undergo
reversible structural transformations through isomerization
between ring-opened merocyanine (MC) and ring-closed
spiropyran (SP) forms (Scheme 1)"? under the influence of

Scheme 1. Reversible Interconversion between Ring-Closed
Spiropyran (SP) and Ring-Opened Merocyanine (MC)
Forms

stimuli such as stress, light, pH, and thermal effect.>* These two
isomers are different in chemical and physical properties such as
polarity, molecular volume, color, dipole moment, emission
behavior, and net charge,5 which makes them stand out from
other common photoswitches. In 1952, Fischer and Hirshberg
reported for the first time the photochromic phenomena and
corresponding photochemical reactions of spiropyrans.”’
Spiropyrans are well-known with two heteroatomic rings
which are structurally linked through a benzopyran moiety
connected with indoline through an sp* hybridized spiro C
atom.*” In spyropyrans, the two rings are perpendicular to each
other, which perturbs the delocalization of z-electron
conjugation. Thus, the absorption peak appears at 200—400
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nm (UV region), resulting in a colorless solid. However, upon
irradiation with UV light (200—400 nm), a quick cis—trans
isomerization occurs through C—O bond cleavage and results in
the formation of a ring-opened intermediate having a
zwitterionic benzopyran double bond which contains a
positively charged indolium and a phenolate anion, and it is
called merocyanine. In ring-opened merocyanine, the two
orthogonal heterocyclic moieties gain coplanarity and the
molecule turns into an extended conjugated system, which is
assisted by a large red shift in the UV—vis (500—600 nm range)
for MC compared to SP, resulting in the transformation to a
colored species from a colorless form. This process is fully
reversible. Upon visible light treatment or heating, the
merocyanine form might be converted back to the spiropyran
form, obtaining a photochromic system through the ring-closing
mechanism.

A salient feature of spiropyran is that the reversible
isomerization can be conducted not only by light but also by
various other inputs such as solvents, ions, acids and bases,
temperature, redox potential, and even mechanical force.'® In
particular, stress as an external stimulus, i.e., a mechanochrom-
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ism strategy, is broadly used in material applications of
spiropyran. By the application of stress, both sides of the spiro
center, indoline and chromene moieties, are being pulled apart;
that causes the breaking of the C—O bond and, thus, the
spiropyran-embedded material changes its molecular shape and
goes to the merocyanine form and relieves the strain. Ultrasound
and grinding are also included in external stresses. In 2009, Davis
etal.'' reported a force-induced activation of covalent bonds in
mechanophore-linked elastomeric and glassy polymers and
found that a significant change in color and fluorescence
emerged. In 2010, O’Bryan et al.'” reported stress sensing in
polycaprolactone films through an embedded photochromic
species by utilizing a difunctional indolinospiropyran as an
initiator. In 2012, Wong et al."’ reported a spiropyran based
nanoribbon that reversibly switches its spin polarization by
optomechanical stress. Molecular switches from SP to MC are
also feasible by changing the temperature in a highly polar
solvent or highly acidic condition.

Moreover, substitutions have significant importance for the
properties of SPs and their corresponding isomerizations toward
different merocyanine derivatives. Different substitutions could
be introduced easily at SP fragments through the last synthetic
step before spiro carbon is formed. A thorough theoretical study
has been performed on the substitution effects of spiropyrans.
Briigner et al. fabricated a detailed DFT to predict accurate
Hammett parameters, which were being used to investigate the
internal energy (AU) for SP — MC interconversion for different
substitutions on N and carbon atoms.'* Buncel et al. have
reported intense kinetic and mechanistic studies on SP/MC
transformations, considering different effects through electron-
withdrawing and -donating substituents at the 6-position (C
substituent) and the 1’-position (N substituent) and also
studied the effects through solvents (solvatochromism) and the
pH (acidochromism).">~"

The photoswitchable property of spiropyrans has gained huge
attention due to the usage of different dynamic chemical
systems, such as synthetic polymers, solid surfaces, inorganic
nanoparticles, biopolymers, and carbon nanomaterials, having
potential biological applications, particularly cell tracking,
photothermal therapy labeling, and cell-sheet engineering.
Due to interactions with various different materials such as
quantum dots (QDs), inorganic metal ions, biologically relevant
molecules such as DNA and proteins, and organic systems such
as organic small molecules and polymers, it has broad
multidirectional application. The photoswitchability of SPs
provides many advantages over other colorimetric and
fluorescent probes for the detection of organic and inorganic
target molecules. For example, by utilizing an external and
noninvasive stimulus such as light, the interaction of SPs with
the target metal ion can be switched on and off, which extends
the sensitivity range and makes it suitable for a wide range of
applications, including live cell imaging. In addition, photo-
switching of SPs between on and off states at defined times
allows one to modulate the sensor signal and correct for a
nonmodulated background signal, resulting in high signal-to-
noise ratios and a low detection threshold. Lastly, the ability of
spiropyran based material to be switched between passive and
active states makes it a regenerable detection system with an
extended lifetime.

Several reviews on spiropyran based probes have already been
published.'®"” However, because of the widespread interest and
quick growth of this issue, the most current research
achievements on spiropyran—merocyanine based fluorescent

chemosensors must be discussed. As a result, our review
properly focuses on and accurately summarizes spiropyran—
merocyanine based photochromic fluorescent probes, which are
very selective in monitoring metal ions, anions, neutral analytes,
and pH, published within the time period from 2019 to 2022,
together with their design methods, sensing processes, and
applications. We strongly believe that this review will serve as the
next generation for the advancement of more potential and
exciting spiropyran based fluorescent probes as a molecular
detection tool.

2. ANION CHEMOSENSORS

Over the past 25 years, anion sensing has been given more
attention because of its role in the fields of biology and industrial
processes.”’~>* To meet this need, the design and synthesis of
anion sensors to detect environmentally deleterious anions such
as cyanide (CN~) and hypochlorite (OCI™) have received
encouragement from researchers in the areas of supramolecular
chemistry and biochemistry. Herein, we provide an overview of
different classes of anion sensors (CN~ and OCI~) based on the
spiropyran moiety and highlight the different strategies for
sensing toxic anionic species.

2.1. Spiropyran Derivatives as Fluorometric and
Colorimetric Probes for Cyanide lon (CN~) Detection.
Biological systems are mostly affected by anions, where cyanide
is the most toxic and deadly chemical substance.””** Cyanide
ions from natural sources and mainly from industrial sources can
contaminate water, air, and soil, obstructing cellular respiration
and resulting in the death of living organisms. A number of
photochromic colorimetric compounds based on the spiropyran
moiety were previously reported to detect the exceptionally
nucleophilic CN™ anion, monitored through a naked eye color
change. By light irradiation, the spiropyran isomerizes reversibly
to form an open-ring metastable merocyanine. The CN™ anion
addition to a spiro C atom leads to the formation of adduct by
the opening of the ring with a distinct color change. Herein, we
reported three colorimetric cyanide chemosensors.

In 2014, our research group25 reported a benzthioimidazole-
appended spiropyran probe, 1, which is selective toward the
CN~ anion with a very low detection limit (1.7 mm) in aqueous
HEPES buffer solution. The probe was synthesized in three
steps. In the first step a condensation reaction was done between
salicylaldehyde and o-aminothiophenol to produce benzthioi-
midazole, which was then formylated with hexamine, and the
resulting product was used to prepare the targeted probe 1 by
reacting it with N-2,3,3-tetramethyl indolium cationic salt in
ethanol. Mechanistically, the intramolecular charge transfer
(ICT) process is being restricted and the fluorescence color has
been changed from purple to greenish yellow due to poor
electronic conjugation from phenoxide to indolyl cation after
CN~ adduct formation (Figure 1). Moreover, probe 1 further
recognizes the thiophilic metal Au** ion against other ions such
as Cu®’, Hg*", and Ag". This special characteristic helps the
probe to achieve a new feature in logic operations through the
properties based on two inputs (i.e, CN™ and Au**) and the
output as the fluorescence response of probe 1. Additionally, the
probe 1 loaded test strip was used as an efficient CN™ test kit in
water and it was applied for live cell imaging in RAW 264.7 cells
with promising results.

In 2020, Pattaweepaiboon et al.”® reported a spiropyran
derivative, 2, for quantitative analysis of cyanide ions by a
colorimetric method. After isomerization to merocyanine from
spiropyran, the CN™ nucleophilic addition toward the spiro
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UV-light

Figure 1. Chemical structure of 1 and its probable sensing mechanism
for Au** and CN" ions.

carbon atom led to the formation of adduct [MC—CN]~
(Figure2). As a result, the probe color was changed to a vivid
yellow from pink, clearly noticed by the naked eye and
monitored through UV—visible spectroscopy. Computational
analyses and "H NMR titration were used to confirm the sensing
mechanism. According to a Job plot, probe 2 produced a 1:1
adduct with CN7, and a binding constant was determined as 8 X
10* M™". The limit of detection for CN~ was measured to be
0.52 uM. Moreover, a quantitative CN™ analysis, extraction
through cassava leaves, was performed with probe 2 in contrast
with a standard reference such as Chloramine-T/pyridine-
barbituric acid. Paper test strips with this probe were also used to
detect CN™ in a portable form.

In 2022, Mahdavian’s group”” for the first time reported two
talented colorimetric and optochemical sensors, (R/S)-2-(3",3'-
dimethyl-6-nitro-3'H-spiro[ chromene-2,2’-indol]-1"-yl) etha-
nol (probe 3) and 9’-hydroxy-1,3,3-trimethylspiro[indoline]-
2,3’-[3H]naphtho[2,1-b][1,4]oxazine (probe 4), where direct
nucleophilic addition of CN™ anion to the closed ring carbon
atom of spiropyran ring occurred without any UV irradiation in a
1:1 stoichiometric fashion. After formation of the adduct, a
bathochromic shift was noticed, with a distinct color change
from colorless to yellow. On the contrary, after UV irradiation
and concurrent CN~ addition, 3-CN and 4-CN exhibited a color
change from violet to yellow to the naked eye. There are two
reasons behind these observations. The first one is that the two
electronegative atoms, nitrogen and oxygen, are directly linked
to the spiro carbon, which enables the probe to be more electron
deficient than that product. The second one is that, after the
formation of an adduct, the phenoxide group is conjugated with
the newly formed alkene group. The affinity of these two probes

toward the CN™ in the presence of other analytes is presented in
Figure 3. The detection limits of 3 (0.091 M, 2.36 ppb) and 4
(0.094 uM, 2.44 ppb) sensors toward CN~ were lower than the
WHO'’s permitted level in drinking water (1.9 uM).

-
S
HO\_N
X
0 | CN
N
® o
; O
CN
3  — 3-CN
o ©
90
O HO o5
N Nx
I fo) NC
N~ NT
4 4-CN

Figure 3. Selective reactivity of 3 and 4 toward CN™ in the presence of
other competitive anions.

2.2. Spiropyran Derivatives as Fluorescent Probes for
the Hypochlorite (OCI7) lon. Among all other reactive oxygen
species (ROS), hypochlorous acid (HCIO) is a well-known ROS
because of its diverse usage in the immune system and is
commonly used as a bleaching agent,”®* but too much
hypochlorite can cause severe oxidative damage in a living
body, which could lead to a number of immune-related diseases
and disorders such as osteoarthritis, rheumatoid arthritis,
atherosclerosis, cardiovascular diseases, and malignancies.‘?’o’31
Thus, the highly selective and sensitive quantification of CIO™ is
actively anticipated in recent research. This section will discuss a
spiropyran based hypochlorite chemosensor.

In 2019, Samanta et al.*> designed a cyanine based fluorogenic
probe, S, which exhibits turn-on fluorescence particularly in
mixed aqueous medium toward hypochlorite. The probe was
prepared by the reaction between the iodide salt of 3-ethyl-1,1,2-
trimethyl-1H-benzo[e]indol-3-ium and 2-hydroxy-1-naphthal-
dehyde in the presence of anhydrous sodium acetate in ethanol.
According to the report, probe 5 can show solvent polarity-
induced distinct isomerization. Initially, the probe is non-

o)

;
OH
Closed-form of SP
2

Figure 2. Chemical structure of 2 and its detection mechanism for CN™ ion.
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Figure 4. Plausible sensing mechanism of probe $ with hypochlorite.
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Figure 5. Probable mode of complexation of probe 6 with Fe®".

Figure 6. Coordination mechanism of probe 7 in the presence of Fe** under UV irradiation.

fluorescent where its merocyanine (MC) form is predominant,
but after nucleophilic addition of OCI”, there is an occurrence of
10-fold enhancement of fluorescence intensity at 435 nm owing
to the formation of an OCI™ adduct which disrupts donor—
acceptor extended 7m-conjugation. Therefore, decolorization
from violet to colorless of the solution of probe § was observed
with the naked eye. The probe shows a strong absorption peak at
583 nm due to its 7—x* charge transfer of the conjugated
cyanine moiety in its MC form. The detection limit was found to
be 3 uM. The proposed sensing method is depicted in Figure 4.

3. CATION CHEMOSENSORS

Metal ions such as Cu®*, Fe**, and Li* play crucial roles in
copious biological processes. But they are extremely poisonous if
they exceed the limit of tolerance value suggested by the WHO.
Therefore, in recent years, researchers have been attracted to
molecular design for the detection of cations with its potential
applications and environmental monitoring.>*** However,
heavy metal ions such as Hg*" and Pb*" are great threats to
living organisms because they are highly toxic, nondegradable
environmental pollutants. Therefore, the detection of these ions
is gaining popularity in the field of supramolecular chemistry. In
this section we report various chemosensors for Fe** /Fe?*, Cu®*,
Hg”', Cr**, Ce*, Ca’", Pb*, and Li" ions.

3.1. Spiropyran Derivatives as Colorimetric and
Fluorescent Probes for Fe**/Fe®*. Iron plays a vital role in
numerous biological activities such as cellular metabolism,

36991
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oxygen carrying, enzymatic reaction, and various biosyntheses.

However, an excessive amount of iron can lead to various
diseases such as osteoporosis, heart disease, liver and kidney
damages, Alzheimer’s disease, and even cancer. Again, a
deficiency of iron is also harmful and can cause anemia.
Therefore, effective detection of iron is gaining in importance in
different areas of research. Recently, a number of spiropyran
based fluorescent probes have been developed for the detection
of Fe**/Fe™".

In 2019, Zhang et al.* designed and synthesized a multiple
phenolic —OH group based spiropyran probe, 6, for the selective
recognition of Fe®* in both organic and aqueous media. It was
obtained by a three-step reaction starting with 1,2,3,3-
tetramethylindolindolenium iodide and S-nitrosalicylaldehyde.
Probe 6 is able to detect Fe** in a wide range of pH varying from
4.5 to 10.5 and exhibits a low detection limit of 1.93 X 107" M.
From a Job plot, it was found that the stoichiometric ratio of the
probe and the Fe** ion is 1:3. This ratio can be explained as the
binding of two Fe®" ions with two —OH groups and one Fe**
with the ring-opened form of the probe (Figure S). This
complexation was the reason for the 50-fold enhancement in
fluorescence intensity at 450 nm.

Yang et al.”” designed and synthesized the spiropyran-ended
polymer 7 by a technique of atom transfer radical polymer-
ization. They used N-vinyl caprolactam (NVCL) as a monomer
to construct polymer 7 as it is biocompatible and environ-
mentally friendly; additionally, the amino groups present in its
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Figure 7. Plausible sensing mechanism of probe 8 with Fe?'.

structure can help in coordination with metal ions. Probe 7 was
successfully employed in the recognition of Fe. Probe 7 in
THEF solution exhibited no absorption peaks above 400 nm in
the absence of UV light irradiation, but after irradiation,
absorption at 591 nm was observed with a conversion of solution
color from colorless to pink. This outcome was attributed to the
probe’s transformation from its ring-closing form to its ring-
opening form under UV irradiation, as seen in Figure 6.
Thereon, this coordination resulted an obvious color change to
the naked eye with generation of the absorbance peak at 438 nm.
The limit of detection of the polymeric compound 7 for Fe" was
also calculated as 0.00298 mM.

In 2021, Cong’s group38 reported a spiropyran fluorescent
probe 8, which was synthesized by a two-step reaction (in the
first step N-alkylation of 2,3,3-trimethyl-3H-indole with benzyl
bromide was done, and in the second step a condensation
reaction was done with the intermediate N-benzyl-2,3,3-
trimethyl-3H-indolium bromide and S-chlorosalicylaldehyde)
for dual recognition of Fe?" and pH. Probe 8 in 9:1 EtOH/H,0
exhibited weak fluorescence, but in the presence of Fe**, a 6-fold
enhancement in fluorescence intensity at 360 nm was found.
This enhancement in fluorescence was due to the complex
formation, and interestingly the stoichiometric ratio of the probe
and Fe?" was 3:2 in that complex (Figure 7). Furthermore, probe
8 responds interestingly in different pHs. In acidic pH the probe
shows a colorimetric change: the color of the solution changes
from colorless to yellow at pH 1—2. On the other hand, in
alkaline pH the probe responds in a fluorometric way: the probe
shows weak emission at 360 nm in pH <13, but at pH 14 the
fluorescence emission increases at 360 nm with the emergence
of a new peak at 430 nm.

3.2. Spiropyran Derivatives as Fluorescent Probes for
Cu?*. Copper(II) is a common element and is crucial for the
development, growth, and fitness of living organisms.39
However, a of deficiency Cu*" or excessive Cu’* in the living
body may cause various health issues because Cu** has good
redox properties, which are responsible for the production of
reactive oxygen species (ROS).*>*' Therefore, researchers have
been attracted to developing a selective, sensitive, cost-effective
fluorescent probe for the sensing of Cu*" ions. There are several
reports regarding the use of spiropyran based fluorescent probes
for selective detection of this metal ion. Three spiropyran based
chemosensors for the recognition of Cu®* ions are discussed in
detail in this section.

Kumar’s group”” designed and synthesized the benzothiazo-
linic spiropyran 9 (Figure 8) possessing a methoxy group at the

@ES_
N O
/
9

CH,

Figure 8. Structure of probe 9.

ortho position to the phenolic oxygen atom for better
accommodation of the metal ion. It was synthesized by the
reaction between o-vanillin and [E]-2-ethylidene-3-methyl-2,3-
dihydrobenzo[d]thiazole in ethanol. The probe can recognize
Cu’" in a reversible manner. The probe in aqueous acetonitrile
solvent showed an absorption band in the wavelength region of
280—330 nm. Upon the addition of 1 equiv of Cu’, the
absorption band was shifted to the 430—570 nm region with the
highest absorption at 500 nm, whereas no change in absorption
was found in the presence of other comparative metal ions. A Job
plot analysis predicted a 1:1 binding stoichiometry between the
probe and Cu*" ions. The limit of detection of probe 9 was found
to be 0.75 uM.

In 2020, Xuan et al.”’ reported a spiropyran fluorescent probe,
10 (Figure 9), for heating-promoted sensing of Cu**. It was
obtained by a two-step reaction: in the first step 1-ethyl-2,3,3'-
trimethyl-3H-indolium iodide was produced; this product was
further reacted with 2-hydroxy-5-nitrobenzaldehyde to generate
the probe. Probe 10 solution in the presence of Cu** did not
show any emission peak at 568 nm at room temperature (20
°C), but with an increase in temperature from 20 to 30 °C the
emission peak grew to 568 nm. No absorption peak was
generated at this temperature. After the temperature of 50 °C
was reached, strong emission and absorption peaks arose at 568
and 550 nm, respectively. The probe was opened up under UV
irradiation, and in the presence of Cu®>* in DMF solution, a
ternary complexation occurred. The ring-opened form exhibited
a distinct fluorescence color from the probe—Cu** complex,
which had brighter fluorescence than the previous one under the
illumination of a laser pointer.
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Figure 9. Structure of probe 10 and its probable sensing mechanism.
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Figure 10. Mode of binding of probe 11 with Cu®".
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In 2021, Louie’s group™* designed and synthesized the
dimethylamine-functionalized spiropyran 11 (Figure 10) by a
condensation reaction between indolium iodide and dimethy-
laminobenzaldehyde for the colorimetric detection of Cu**. The
authors suggested that the presence of electron-donating
diethylamine substituents reduced the conversion of the spiro
form to the mero form, resulting in large absorption bands at 250
and 312 nm, which corresponds to the spiro form. But upon UV
irradiation, an enhanced absorption band was observed at 483
nm, indicating the conversion to the mero form of 11. Again,
upon addition of 1 equiv of Cu®* strong absorbance appeared at
418 and 667 nm. A hypsochromic shift from 483 to 418 nm was
attributed to the local environment in the presence of copper
salt, and a new absorbance at 667 nm was attributed to the
complex formation between the mero form of 11 and Cu*".
From a Job plot, the author proved that the stoichiometric ratio
of the probe and Cu** in the complex was 1:1, and the detection
limit was found to be as low as 0.11 yM.

3.3. Spiropyran Derivatives as Fluorescent Probes for
Hg?*. Mercury(II) is one of the most harmful heavy metal ions
and can be associated with carboxyl, thiol, and phosphate in
biological bodies, leading to serious health problems.”” There-
fore, the demand for simple and efficient Hg** detection
remains. Among various analytical methods, the fluorescence
chemosensor method is gaining importance due to its simplicity.

Kumar et al.*® designed and synthesized a spiropyran
fluorescent probe, 12 (Figure 11), by introducing a methoxy
group to the ortho position of the phenolic oxygen atom, and it
was obtained by the reaction between 2-hydroxy-3-methoxy-5-
nitrobenzaldehyde and 2-ethyl-3-methylbenzo[ d]thiazol-3-ium-
4-toluenesulfonate in the presence of piperidine. Probe 12 in
CH,CN/water (1:1) can detect Hg** by complex formation,
resulting in changes in both colorimetric and fluorometric

X
N o NO,
\
12

MeO

Figure 11. Structure of probe 12.

responses. Interestingly, probe 12 forms a complex with Hg*" in
the absence of UV light (365 nm, 3 W), but it reverts to its
spiropyran form in the presence of light. Three detection limit
values (5.5 uM, 78.5 nM, and 0.62 M) were calculated with the
use of three different methods (UV—vis spectroscopy,
fluorescence spectroscopy, and digital image analysis). Digital
image analysis gives better results in the detection limit value
compared to UV—vis spectroscopy. Further, the practical
applicability of the probe was shown in a filter paper strip
detection method.

3.4. Spiropyran Derivatives as Fluorescent Probes for
Ce3*. In recent years, the electroluminescence of lanthanide ions
has created continuous curiosity as potential light-emitting
materials in light-emitting diodes (LEDs). Being a member of
the lanthanide ions, Ce** possesses the special ability of parity-
allowed electric-dipole 4f — 5d transitions, which results in high
light outputs.”” Therefore, the detection of Ce®* ion is a
promising one in research. In this section, an example of a Ce**
chemosensor is presented.

Luo et al.*® reported a probe, 13 Figure 12, for selective
sensing of Ce®" in EtOH/H,0 (9:1 or 1:9, v/v) media. It was

CLX O, =
/
Wl

\

\ /3
13 H3co 13_ce3+ Ce3*

Figure 12. Probable mode of binding of probe 13 with Ce*".

synthesized through the condensation reaction between a
quaternary ammonium salt and 3-methoxysalicylaldehyde.
Free probe 13 in an EtOH/H,O (9:1, v/v) solvent system
exhibited weak emission at around 350 nm, but upon gradual
addition of Ce®* the emission band was increased with slight
shifting to a higher wavelength of 360—380 nm. This change in
emission was attributed to the 1:1 complexation between the
probe and Ce®". A selectivity test was performed with other
competing metal cations (Li*, Na*, Ag®, Sr**, Ni**, Co**, Hg*",
Cu?*, Zn*, Cr**, AI**, Nd**, Yb**, La>*, Fe**, Bi**, 1 equiv), but
these ions could not change the emission property of probe 13.
Therefore, the probe was selective toward Ce* and the
detection limit was found to be 1.7 gmol/L. Moreover, the
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probe was practically applied for the detection of Ce** in real
water samples.

3.5. Spiropyran Derivatives as Colorimetric Probes for
Cr3*. Chromium(III) is one of the effective trace nutrients that
have control over human metabolism and diet by regulating the
glucose tolerance factors and insulin action. In the human body,
for a balanced diet, an adequate intake of Cr*" is 25—200 ug/day.
Overload or deficiency of Cr** may cause adverse health effects
such as cardiovascular diseases, diabetes, and neurological
disorders.”” This section discusses the Cr** chemosensor.

By using nitrosalicylaldehyde, Gao’s group™ developed a
spiropyran probe, 14 (Figure 13), which can recognize Cr’* in

NO,
O Dark or UV / O
N NO, . ﬁ/ €]
: 0o

:

N o
g i
14-Cr3*

Figure 13. Plausible sensing mechanism of probe 14 for Ccr,

an interesting manner of negative photochromism. This
negative photochromism implies the detection of Cr** by the
probe without UV irradiation. Under this condition, the color of
the probe solution in MeOH/H,0 (9:1, v/v) was changed,
which was attributed to the complex formation between the MC
form of 14 and Cr**. The binding constant and detection limit of
the probe were estimated, and they were 8.7 X 10° M ™" and 0.64
UM, respectively. Again, inspired by the various advantages of
hydrogels such as good biocompatibility, nontoxicity, hydro-
philicity, low cost, porous structure, and portability, this group
prepared the hydrogel of probe 14 to engage it as a functional
material for reversible adsorption and desorption on Cr** in
mixed solution.

3.6. Spiropyran Derivatives as Fluorescent Probes for
Ca**. Calcium ions play a crucial role in the human body, and
calcium is a very important element of bone and teeth. However,
this ion also participates in the transmembrane transport of
biological information and modifies the response of cells to
external stimuli. However, calcium ion deficiency can cause a
variety of health issues, including osteoporosis, growth
retardation, and hypertension.”' Therefore, an easy and effective
method for the detection of Ca®>* has a great impact.

Wang’s group” constructed a spiropyran probe, 15 (Figure
14), to recognize the Ca®* ion through a “turn-on” response. An
electron-withdrawing cyano group was introduced in the probe
to facilitate isomerization by weakening the C—O bond of the
closed SP form. It was obtained by a three-step reaction: in the
first and second steps S-cyanosalicylaldehyde and 1-(2-
carboxyethyl)-2,3,3-trimethyl-3H-indolium bromide were pro-
duced, respectively, and then these two were reacted to give
probe 15. To avoid the photoisomerization between SP and MC
forms of probe 15, absorption and fluorescence spectra were
recorded in two different photoexcitations (375 and 290 nm).
Depending on the results, the authors chose the photoexcitation
of 375 nm and succeeded in avoiding photoisomerization. In
absorption, probe 15 exhibited four absorption bands at 236,
287, 357, and 414 nm, but upon incremental addition of Ca**, a
new absorption band at 526 nm appeared with decreases in
absorption at 357 and 414 nm. This result was attributed to Ca**
promoted ring opening to form MC. Again, in fluorescence
spectra, a continuous enhancement in emission at 604 nm was
observed with the gradual addition of Ca**. From a Job plot it
was shown that 1:1 complex formation occurs between probe 15
and Ca?". The association constant and limit of detection were
determined to be 2.47 x 10° M™! and 4.53 X 107 M,
respectively.

3.7. Spiropyran Derivatives as Fluorescent Probes for
Pb?*. Being one of the heavy metal ions, Pb*" has received
significant attention due to its essential role in various fields and
its high toxicity. Excessive intake of this ion may lead to muscle
paralysis, mental retardation, and memory loss, particularly in
children.>® Therefore, an effective platform is required for the
recognition of Pb**.

Lin and co-workers”* reported 16 as an aggregation induced
emission (AIE) based fluorescent probe containing a
tetraphenylethene (TPE) unit linked with a merocyanine unit
for selective detection of Pb** in THF/H,O (1:9, v/v) by a
FRET-off mechanism (FRET, Forster resonance electron
transfer; Figure 15). The bifluorophoric nature of probe 16
was explained astonishingly by its linking structure. The probe
contains two units: the donor TPE unit and the acceptor MC
unit, of which the former is responsible for blue emission and the
latter is responsible for red emission. In the UV exposure (at
365), the open MC form of 16 predominates; as a consequence,
a rise in the emission at 635 nm was noticed due to the FRET
process. Upon gradual addition of Pb*, coordination occurs
between the probe and Pb?*, FRET becomes off, and, as a result,
the emission at 480 nm gradually increases with a gradual
decrease of emission at 635 nm. Moreover, probe 16 was
successfully applied for live cell imaging in HeLa cells with more
than 80% cell viability up to 25 uM probe concentration and a
better detection limit of 0.27 M was found as an AIE sensor.

In 2022, Liu et al.> designed and synthesized compound 17
for selective, visual detection of Pb**. It was synthesized by the

15 COOH

Figure 14. Plausible mode of sensing of probe 15 with Ca?*,
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FRET

Figure 15. Possible sensing mechanism of probe 16 with Pb*.

reaction between 1-(4’'-carboxybutyl)-2,3,3-tetramethyl-3H-in-
doline bromide salt and 2,3-dihydroxy-5-nitrobenzaldehyde.
The probe exhibited wonderful solvatochromism in polar
solvent due to the presence of hydroxyl groups (participating
in hydrogen bonding) in the 8-position of the pyran ring. In
visible light conditions, probe 17 can isomerize to its open MC
form, which upon addition of Pb** readily forms a complex in a
1:1 stoichiometric manner. Therefore, a change in color of the
probe solution was observed. There is no requirement for UV
irradiation for lead recognition because the complex is
remarkably stable under visible light. This stability was
considered to be induced by the interaction of Pb** with the
deprotonated carboxyl group, phenolic oxygen atom, and 8-
hydroxyl group, as illustrated in Figure 16. The limit of detection
and binding constant were determined to be 0.61 M and 1.37 X
10* M, respectively.

NO,
PbZ*
o9 OH
17 % O .wPbZ* 47.pp2*

COOH

Figure 16. Probable binding mode of probe 17 with Pb*".

3.8. Spiropyran Derivatives as Fluorescent Probes for
Li*. Lithium salts, especially lithium carbonate, have great uses
in the treatment of bipolar disorders and also in dementia-
related health issues. But it is difficult to determine the correct
dose for every patient since the effective amount of lithium
diversely depends on an individual’s metabolism and other
variables. Exposure to excessive lithium can damage the nervous
system and kidneys permanently.*® Therefore, easy and effective
recognition of Li" ions is needed.

Kang et al. synthesized a spiropyran derivative, 18, by
introducing aza-12-crown-4 unit as a recognition site for Li
ion.”” It was synthesized by a three-step reaction: by a two-step
reaction an intermediate was generated and this intermediate
was reacted in the third step with monoaza-12-crown-4 in DMF.
Due to the presence of the crown moiety the complexation
ability of the probe increases, and in the presence of Li* the SP
form of the probe converts into the MC form, producing 18—Li"
complex (Figure 17). This complex formation was supported by
ESI-MS spectra. Owing to complex formation, an increase in the
absorption was observed between 450 and 600 nm and also an
enhancement in the fluorescence was found. Again, a selectivity
study was performed with 18 in the presence of other similar
kinds of metal ions such as Na*, K*, Ca**, Mg**, Cu**, Zn*", Fe?*,
and Hg*", but no changes were found in the occupancy of these
ions. Furthermore, live cell imaging was performed in Hela cells
and in vivo imaging was done in zebrafish with a good turn-on
fluorescence response.

3.9. Spiropyran Derivatives as Fluorescent Probes for
Multiple lons. Some compounds may recognize more than one
ion and be regarded as multiple ion chemosensors. Recently, a
spiropyran based chemosensor has been reported which can
detect many cations simultaneously.

Meng’s group®® reported a spirobenzopyran based com-
pound, 19, for multiple ion detection. Probe 19 can recognize
Hg*, Cu**, Ce*, Cr*", and AI** in the naked eye and also in the
fluorescence method. However, limits of detection were
calculated only for Cu** and Hg*" ions, and they were 10 and
14 puM, respectively. From a Job plot, the authors showed that
the stoichiometric ratio in the complex of probe 19 and Cu** was
2:1, and the mode of binding is presented in Figure 18.
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Figure 17. (a) Plausible binding mode of probe 18 with Li*. (b) CLSM images of HeLa cells. Reprinted with permission from ref 57. Copyright 2021
Elsevier.

4. FLUORESCENT CHEMOSENSORS FOR NEUTRAL
ANALYTES

Small neutral analytes, in addition to anions and cations, are
crucial for a variety of pathological and physiological functions.
For the detection of small neutral analytes, a number of
fluorescent probes based on various design approaches have
been published.>” In this section, we will discuss a few
spiropyran—merocyanine based chemosensors for small neutral
analytes, such as PhSH, H,S, and amine, along with their design

N° O Br cur

© approaches, sensing processes, and applications.
19 19-cu?*  Br 4.1. Spiropyran Derivatives as Fluorescent Probes for
Thiophenol (PhSH). Among a class of highly reactive and toxic
Figure 18. Probable binding mode of probe 19 with Cu*". aromatic thiols, thiophenols are the most important toxic raw

materials for the environment. In addition, they have widespread

NO,
NO,
UV light
NO, Merocyanine (MC) Spirocyclic (SP)
Colorless

20 purple

Figure 19. Probable sensing mechanism of probe 20 for PhSH.
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Figure 20. Proposed sensing mechanism of probe 21 for H,S and SO,.
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uses in the chemical industry for the preparation of different
polymers, pesticides, and medicines.”°" Therefore, thiophenols
are marked as pollutants by the U.S. Environmental Protection
Agency. Long-term thiophenol exposure produces significant
health problems such as expiratory dyspnea, central nervous
system damage, and even death.””°* Therefore, designing a
selective method for the detection of thiophenols is of great
importance nowadays.

In 2007, Wang et al, first reported a benzoxazole based
fluorescence probe to detect thiophenols.”> Later on, in 2019,
Yang et al.® reported a 2,4-dinitrobenzenesulfonamide based
fluorometric and colorimetric probe, 20 (Figure 19), for the
detection of thiophenol through the nucleophilic substitution—
cyclization reaction. Upon the addition of thiophenol, the highly
electron-withdrawing capacity of the 2,4-dinitrobenzenesulfo-
namide unit was cleaved. As a result, the probe went to its
merocyanine form, which was further rapidly isomerized to the
closed spiropyran form and leading to the purple color of the
solution being changed to colorless to the naked eye. This is
because of the ICT process, and the extended 7-conjugation of
the merocyanine moiety was disrupted. The probe responded
quickly (within 30 s) and had a high sensitivity (detection limit
of 0.55 M) to thiophenols in the presence of other sulfur species.
Furthermore, probe 20 precisely measures thiophenols in water
samples, revealing a unique and potential method of thiophenol
detection.

4.2, Spiropyran Derivative as Fluorescent Probe for
H,S/SO, Dual Sensing. Among all reactive sulfur species
(RSS), hydrogen sulfide (H,S) and sulfur dioxide (SO,) have
been the best-known air pollutants for the environment and
human health.®”°® H,S is considered as the third molecule for
endogenous gasotransmitters of cellular targets following nitric
oxide (NO) and carbon monoxide (CO) because of its redox
activity and high nucleophilic character.”” Therefore, a negative
effect on the immune response, blood pressure regulation,
neurotransmission, and the endocrine, gastrointestinal, and
circulatory systems has frequently occurred.”” On the other
hand, an improper balance of SO, can cause cancer, neurological
disorders, and cardiovascular diseases. This section describes a
fluorescent probe for H,S/SO, dual sensing.

The design of a single fluorescent probe that responds
differently to H,S and SO, at the same time is usually a difficult
task. In 2019, Zhang et al. reported7l an integrated 4-azide-1,8-
naphthalic anhydride and spiropyran derivative probe, 21, where
H,S was monitored by azide reduction. Furthermore, the

36997

activated spiropyran moiety (6-NH,-SP) acts as a new site for
the recognition of SO, upon irradiation of UV light. The
working strategy is described in Figure 20. Moreover, the probe
was applied to the sensing of H,S/SO, in cells and mice.

4.3. Spiropyran Derivatives as Colorimetric Probes for
the Amine. Amines are being widely used for chemical and
medicinal industry purposes such as biopharma, rubbers, and
different chemical ingredients that have huge importance for the
production of repellents, chelating agents, pesticides, soil
improvers, emulsifiers, coatings, lubricants, emulsifiers, etc.”
However, industrially used amines are reasonably toxic to
humans due to their carcinogenic effects. Therefore, sensing of
those toxic amines is meaningful and is an imminent task.
Spiropyran (SP) is a novel photochromic material that can
isomerize into two forms when exposed to visible light, allowing
it to detect amines via either of its isomers.

In 2020, Xue et al.”> employed a derivative of spiropyran 22
which contains a hydroxyl group to detect four different types of
amines through a colorimetric (UV—vis) study. They were able
to successfully distinguish aliphatic primary, secondary, and
tertiary amines and aromatic primary, secondary, and tertiary
amines through different trends and shapes with their UV—vis
spectra. The primary amine recognition mechanism was
proposed in Figure 21, where merocyanine typically reacts
with amines to generate an indole derivative along with a Schiff
base type derivative. Very similarly, aromatic primary amines
were successfully recognized with probe 22 as displayed in
Figure 21, in which the aromatic primary amines such as aniline
or p-toluidine and indole derivative usually react with
merocyanine to produce Schiff base type derivatives. In all
cases, after amine recognition, the pink color of MC has been
diminished (UV—vis) with the formation of a colorless solution.

5. FLUORESCENT pH CHEMOSENSORS

Due to its vast importance in various fields of the chemical
sciences, together with industrial processes, environmental
monitoring, wastewater treatment, agriculture, and physiological
and pathological processes, pH monitoring has become a very
active research field in recent times.”* Various biological process
which have direct relation to intracellular pH are cell
metabolism, cell growth, cellular proliferation and apoptosis,
muscle contraction,76 enzymatic activity,77 homeos.tasis,78
endocytosis,”” ion transport,” and multidrug resistance.®’
Similarly, to maintain normalcy in metabolic processes and in
subcellular activity, organelles such as lysosomes, Golgi

https://doi.org/10.1021/acsomega.2c04969
ACS Omega 2022, 7, 36988—37007


https://pubs.acs.org/doi/10.1021/acsomega.2c04969?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04969?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04969?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04969?fig=fig20&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(a)
HO H,N
_\—NH2 _\—NHZ

H,N

HC

H;C— HO

HN—\C|-I \_\
3 HN
_\—OH

@ @/n\© ©/H\CH3

NH,

SR
H
N.

NH,

N ()
N—\ N
H

H,c—'  CH,

GHs

N
e

NO,
NH,
/)
N
N N
— [j N 86
%
OH
OH
NO:  NH, NO,
Y /
s Vot I NN g o=
> 8 o ¢
8 CHs 8 OH
OH

22

Figure 21. Proposed reactions between probe 22 and aliphatic and aromatic primary amines.

Figure 22. Structures of pH probes 23—25.

apparatus, and mitochondria must maintain their individual
intracellular pH levels. However, the proper and normal
activities of subcellular organelles and different biological
processes can be severely hampered due to abnormal or
irregular pH. Abnormal pH can lead to cellular dysfunctions®”
and cause fatal diseases such as Alzheimer’s disease,®® cancer,®*

cardiopulmonary disease,*> neurodegenerative diseases,*® and
cystic fibrosis.”” Hence, it is necessary to monitor intracellular
pH quantitatively and accurately to diagnose various diseases
and to understand the physiological and pathological processes
related to it."*®” Due to their simplicity of operation, low cost,
rapid real-time response, excellent sensitivity, high selectivity,
low signal-to-noise ratio, high spatiotemporal resolution, and
noninvasive detection, fluorescence methods are more suitable
and promising nowadays.”’~"* Spiropyrans are generally
considered a class of photochromic organic dyes that switch
between their closed spiropyran and open merocyanine forms
under UV and visible light irradiation.” " In addition to this, a
change in pH can regulate reversible isomerization between the
two isoforms. In acidic conditions, they switch to the open
merocyanine form and return to the spiro form on increasing
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Figure 23. (a) Structure of probe 26 and its pH dependent structural
changes. (b) Confocal fluorescence imaging of zebrafish treated with
probe 26 (S M) for 20 min at pH 7.21, 5.09, 3.02, and 1.68. A 480 nm
excitation wavelength was used. The images were then captured using
band-pass emission filters at 500—600 and 600—700 nm, respectively,
with excitation wavelengths of 488 and 515 nm. Reprinted with
permission from ref 99. Copyright 2020 Elsevier.
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Figure 24. Structures of probes 27—30 and their pH dependent
structural changes.

pH. As both forms exhibit different spectral properties, they
provide a suitable way to design ratiometric pH probes. By
taking advantage of this, researchers have reported several pH
probes on the spiropyran moiety by modifying it with different
functional groups.

Based on the excited-state intramolecular proton transfer
(ESIPT) sensing mechanism, Zhu et al.”® constructed three pH
probes, 23, 24, and 25 (Figure 22), by conjugating spiropyrans
with benzothiazole. All three probes were synthesized by

reacting HBT (2-(2-hydroxyphenyl) benzothiazole)-CHO
with three different iodide salts of pyridine and indole in the
presence of piperidine in ethanol. When the pH was changed
from 12.00 to 2.00, a turn-on response was exhibited by probe
23 with a fluorescence enhancement of 36-fold at 640 nm.
Under similar conditions, a ratiometric response was displayed
by probes 24 and 25 where the fluorescence intensity decreased
at 520 and 525 nm along with an enhancement of intensity at
640 and 675 nm, respectively. This change in spectral behavior
of all three probes was due to the opening of spiropyran ring in
acid medium, and the open form exhibited ESIPT. The pK,
values were found to be 6.57, 4.90, and 3.95 for probes 23, 24,
and 23, respectively. Lastly, probe 24 was successfully used to
investigate the intracellular pH change in living HeLa cells.

Using the advantages of good solubility, high fluorescence
intensity, and good cell permeability of the coumarin moiety, He
et al.”” synthesized a coumarin based spiropyran pH probe, 26
(Figure 23), by a simple imine bond formation reaction between
6-(tert-butyl)-1’,3',3’-trimethylspiro[ chromene-2,2'-indoline -
8-carbaldehyde and 7-(diethylamino)-2-oxo-2H-chromene-3-
carbohydrazide. The probe showed a ratiometric fluorescence
change as the opened merocyanine form of the probe in acid
medium exhibited a FRET-on sensing mechanism. Probe 26
displayed a 10.2-fold increase in fluorescent intensity with red
shifts of 35 nm in absorption spectra and 104 nm in emission
spectra on increasing acidity of the medium (pH 7.21 to 1.68).
The color of the probe solution was changed from green to
yellow, whereas the green fluorescence was converted to red
under a similar change. With a pK, value of 4.87, the probe
exhibited good linear response within pH 4.0—6.0. Furthermore,
probe 26 was applied to pH monitoring in living cells where a
good ratiometric response was observed when cells were
incubated with various pH media within pH 7.21—1.68 after
staining with probe 26 at 37 °C for 20 min. Again, probe 26 was
further used to monitor pH changes in Pseudomonas aeruginosa
bacteria and zebrafish with promising results.

Li et al. also used different substituted coumarin moieties to
construct four spiropyran based NIR pH probes, 27, 28, 29, and
30 (Figure 24), to monitor pH changes in lysosomes.'”> On
lowering of the pH from 6.0 to 4.0, all the probes exhibited
ratiometric fluorescence changes due to in situ switching of the
closed spiro form to its open form in acid medium. With pK,
values of 5.40 (27), 5.35 (28), 5.42 (29), and 5.26 (30), all the
probes exhibited good lysosome specificity. Due to its best
ratiometric response, probe 28 displayed a high Pearson’s
colocalization coefficient (PCC) value of 0.98 during colocaliza-
tion study with commercial LysoTracker Green DND-26 in
HepG2 cells. Further, probe 28 successfully monitored
chloroquine induced lysosomal deacidification in HepG2 cells
with good ratiometric response. Again, little lysosomal pH
enhancement during heat strokes in living cells was also tracked
ratiometrically by using probe 28. Lastly, it was also used to
monitor intracellular pH changes in HepG2 cells.

For ratiometric visualization of pH change, Zhang et al.
connected near-infrared rhodol dyes with hemicyanine dye to
construct pH probes 31 and 32 (Figure 25).'"" On lowering the
pH from 10.2 to 3.6, acid induced a breakdown of the
hemiaminal ether groups of the probes resulting in the formation
of indolenium, which exhibited extended 7-conjugation and was
for responsible NIR emission. In absorption spectra, both
probes exhibited a decline of the peak at 535 nm with gradual
increases at 609 (31) and 622 nm (32). Similarly, when excited
with 480 nm, the peak at 558 nm was lowered for both probes
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Figure 26. Structure of probe 33 and its probable sensing mechanism.
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Figure 27. Structure of probe 34 and its possible sensing mechanism.
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with gradual increases of the NIR peaks at 688 (31) and 698 nm
(32) in emission spectra. The pK, values were 8.26 for 31 and
7.10 for 32. With good selectivity, the probes showed reversible
responses within pH 4—10. Again, the probes were found to be
mitochondria specific, and it was confirmed by a colocalization
study by use of Mito Tracker blue and IR-780 cyanine dye.
Using the advantage of their mitochondria targeting nature, both
probes were applied to tracking nutrient starvation, rapamycin
induced mitophagy, and mitochondrial acidification induced by

FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydra-
zone). Moreover, the probes could successfully monitor pH
changes in living HeLa cells ratiometrically. Furthermore, probe
31 was employed for in vivo imaging in Drosophila melanogaster
first-instar larvae.

A naphthalene based spiropyran derivative, 33 (Figure 26),
was synthesized through a condensation reaction between 2-
hydroxy-1-naphthaldehyde and 1-ethyl-2,3,3-trimethyl-3H-in-
dolium ijodide salt by Xiong et al. to monitor the acidic pH
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Figure 28. Structure of probe 35 and its pH dependent structural
changes.

ratiometrically.'”> In CH;OH/PBS (v/v, 1:1) medium, the
spiropyran probe converted to its open form, which presented
an absorption maximum at 566 nm and a weak fluorescence peak
at 598 nm. But on lowering of the pH from 9.0 to 1.0, a new
absorption maximum was observed at 478 nm and a strong
fluorescence peak was observed at 558 nm due to protonation of
the open form. This sensing mechanism was also verified by 'H
NMR and mass spectrometry. A clear, naked eye detectable
color change was also observed, from purple to yellow. The pK,
value was calculated to be 4.85 + 0.19. With good selectivity,
photostability, and reversibility, probe 33 showed a linear
response within the pH range 4.4—5.4. Importantly, the probe
was successfully applied to cellular pH imaging in A549 cells.
Inspired by the good water solubility and excellent
fluorescence property, Zhang et al. introduced a camphor
skeleton to design a spiropyran derivative, 34 (Figure 27), to
monitor both alkaline pH and viscosity.'”’ Probe 34 was
prepared by a condensation reaction between camphor
containing a hydroxy aldehyde compound and 1,2,3,3-
tetramethyl-3H-indolium iodide salt in the presence of a
catalytic amount of piperidine in ethanol. When investigated,
it was observed that in ethanol solution the closed form of probe

34 generated an absorption peak at 335 nm but addition of water
in ethanol led to the formation of the open form. It displayed a
new peak at 580 nm with a distinct color change from colorless
to light violet. On increase of the pH (from 7.14 to 12.41), the
addition reaction of the —OH group with the hemicyanine
moiety of the probe led to the formation of a new absorption
peak at 358 nm with a color change of the solution from light
violet to pea green. A bright green fluorescence was observed at
518 nm in alkaline medium (pH 12.41) with a 10S-fold
fluorescent enhancement from nonfluorescent neutral medium
(pH 7.14). Again, in acid medium, due to the protonation of the
phenolic —OH group of the open form, the probe exhibited a
new absorption peak at 452 nm with a distinct color change from
light violet to yellow and a faint red fluorescence was observed. A
good linear response was observed within pH 9.41—11.30, and
the pK, value was found to be 10.25. Furthermore, the probe was
used in a successful analysis of the intracellular pH variation in
living HeLa cells with more than 90% cell viability at a 40 M
probe concentration. It was observed that when the probe-
stained HeLa cells were incubated with PBS bufter with different
pHs, on increase of the pH from 7.4 to 9.5 the green fluorescence
intensity gradually increased, and that proved the probe’s
practical applicability in intracellular pH monitoring,

The photochromic behavior of spiropyran inspired Su et al.'**
to design a spiropyrrolizine which exhibited isomerization
between its spiro and merocyanine forms through baso-
chromism. According to the authors, this baso-cyclization can
be activated by organic and inorgainc bases when these react
with the merocyanine form of probe 35 (Figure 28) to give
spiropyrrolizine, and hence probe 35 can be used in alkali
detection. Probe 35 was prepared by condensation between 1H-
pyrrole-2-carbaldehyde and tetramethylindolium iodide salt in
ethanol. The formation of spiropyrrolizine was also confirmed

UV irradiation

375 nm

Figure 29. Structure of probe 36 and its pH dependent structural changes.
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by '"H NMR and DFT studies. On increasing the concentration
of triethylamine (from 0 to 50 equiv) in acetonitrile and DMSO
solution of the probe at a concentration of 25 uM, the probe
exhibited a gradual increase of the absorption peak at 291 nm
with a rapid decrease of the peak at 462 nm. As a result, the
yellow open merocyanine form converted to the colorless closed
spiro form. In emission spectra the peak at 520 nm also showed a
gradual decrease in acetonitrile solvent in a similar change to
form the nonfluorescent spiro form. Again, the probe was found
to be reversible when examined with triethylamine and TFA
(trifluoroacetic acid).

Jiang et al. designed a light-activated “cycle reversible ICT”
based spiropyran pH probe, 36 (Figure 29).'”> During the
design of probe 36 the authors introduced N-methylpiperazine
as terminal group to reduce toxicity and the flexible ethylcarbon
chain to control the water/oil amphipathy. More importantly,
hydroxyl group and imide group of the probe regulated cyclic
invertibility due to their synergistic protonation—deprotonation
process. The probe revealed a turn-on fluorescence response
with yellow emission at 595 nm on UV light irradiation as its
nonfluorescent spiropyran form converted to a fluorescent
hemicyanine form. Then, on change of the pH from 7.53 to 8.46,
the phenolic —OH group of the open form of the probe
deprotonated in the basic medium and, as a result, the probe
produced a new emission peak at 664 nm with red fluorescence.
Again, with increasing acidity (pH from 7.32 to 3.87), a new
emission peak at 563 nm with green fluorescence was observed
and the yellow emission peak at 595 nm gradually lowered in
both acid and basic media. Moreover, with the use of the probe a
trace change of intracellular pH was monitored during
programmed cell death caused by UV light irradiation. During
the experiment, in HepG2 cells it was observed that, upon
exposure to UV light for 120 min, the fluorescence intensity of
the yellow channel lowered and a stable red channel intensity
gradually increased, which was the indication of cell apoptosis
where cells gradually become alkaline under programmed death.

Table 1 summarizes the photophysical properties of the
chemosensors (1—36) discussed in this review.

6. CONCLUSION AND PERSPECTIVES

In this review, we highlighted the design strategy and widespread
use of spiropyran derivatives in the detection of various metal
ions, anions, neutral analytes, and pH. The interswitching ability
between SP and MC isoforms which exhibit different spectral
properties as well as protonation—deprotonation of the MC
form allows the researcher to use it suitably in sensing purposes
by developing different colorimetric and fluorometric probes.
Along with this, different modifications can be made in the SP
form to selectively recognize any target of interest, and that
reveals its versatility in the recognition field. Not only that, a
small change in the functional group of spiropyran can make it
more sensitive toward certain analytes. Due to the novelty of
spiropyran, it attracts the attention of researchers to make it a
more unique detection tool with innovative applications. In spite
of the different advantages, there are some major drawbacks: (1)
The syntheses of spiropyran derivatives and their purification are
difficult."” (2) Due to the nonfluorescent nature of the SP form,
ratiometric fluorescent probes on spiropyran derivatives are
lacking.'”" (3) The practical application of rapid detection of
analytes is also hampered as SP derivatives are sparingly water-
soluble and its ring opening needs photoinduction.*®
Moreover, the following properties should be prioritized for
more precise sensing by using this platform: (1) NIR design is

required because it provides deep tissue penetration strength
with minimal photo damage to the sample. (2) The probe
should be ratiometric in order to eliminate environmental
factors, probe concentration fluctuations, and instrumental
errors. (3) Probes having a large Stokes shift can reduce
excitation interference and autofluorescence of biosamples, so it
should be considered during probe design. (4) Some of the
reported probes have no practical applications. Therefore,
probes with more innovative practical applications should be
explored. (5) Because probes with AIE and FRET sensing
mechanisms are still in the early stages, they should be
investigated further in the near future. (6) Biocompatible
probes with good water solubility, cell permeability, and
photostability with low cytotoxicity should be used for biological
applications. (7) Some of the probes suffer from interference
from other analytes, and that should be resolved with more
selective probes.
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