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ABSTRACT

Due to the immense biological significance of pH in diverse living systems, the design, synthesis,
and development of pH chemosensors for pH monitoring has been a very active research field in
recent times. In this review, we summarize the designing strategies, sensing mechanisms, bio-
logical and environmental applications of fluorogenic and chromogenic pH chemosensors of the
last three years (2018-2020). We categorized these pH probes into seven types based on their
applications, including 1) Cancer cell discriminating pH probes;
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2) Lysosome targetable pH probes;

3) Mitochondria targetable pH probes; 4) Golgi body targetable pH probes; 5) Endoplasmic reticu-
lum targetable pH probes; 6) pH probes used in nonspecific cell imaging; and 7) pH probes with-
out cell imaging. All these different categories exhibit diverse applications of pH probes in

biological and environmental fields.

GRAPHICAL ABSTRACT

Introduction

pH is the power of hydrogen ion in aqueous solution
expressed as —log;o[H "] at a particular temperature. pH val-
ues are of utmost importance in all fields of chemical scien-
ces, together with agriculture, wastewater treatment,
industrial processes, environmental monitoring and in bio-
logical systems including physiological and pathological
processes.[” In this review pH values in aqueous-organic
mixed solvents, when stated, refer to pH meter readings.
Different biological processes like cell growth, cell metabol-
ism, cellular proliferation and apoptosis,”” enzymatic activ-
ity,m muscle contraction,m ion trans ort,[s] homeostasis,m
endocytosis,l”)  multidrug resistance,”® receptor-mediated
signal transduction,'” are directly related to intracellular
pH. Similarly, different subcellular organelles must maintain
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their individual intracellular pH levels, such as lysosomes
(pH 4.0-5.5)!"" and Golgi apparatus (pH 6.0-6.7)!"!]
need an acidic environment, whereas the cell nucleus (pH =
7.2-7.4)"2! and mitochondria (pH =~ 8.0)[13! require midly
alkaline environment for their optimal subcellular activity
and metabolic processes.

However, abnormal or irregular pH can severely affect
the normal and proper activity of subcellular organelles as
well as various biological processes. Any fluctuation of nor-
mal pH leads to cellular dysfunctions!'* which are respon-
sible for various fatal diseases like cystic fibrosis,'”!
Alzheimer’s disease,!'® cancer,!'”! lysosomal storage dis-
order,!"® cardiopulmonary disease!’”’ and neurodegenerative
diseases.!*” For example, under normal physiological condi-
tions, the pH of extracellular fluid is nearly basic (pH 7.4)
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Figure 1. Chemical structure of cancer cell discriminating two-photon fluorescent probe 1 and its pH-controlled sensing process.

whereas it becomes acidic (pH= 6.2-6.9) in case of tumor
formation. Lysosomal pH fluctuation can lead to aging,
inflammation, lysosomal storage diseases, tumors. Similarly,
slight changes in the alkaline environment in mitochondria
can cause excess reactive oxygen species (ROS) production
which is associated with cancer, aging, neurodegenerative
and cardiopulmonary diseases. Hence, as pH values act as a
key indicator of cell status linked with various cellular func-
tions and metabolic processes, accurate and quantitative
measurement of intracellular pH is necessary to diagnose
various diseases and to properly understand related physio-
logical and pathological processes.?"??!

Various traditional methods like microelectrodes,”” nuclear
magnetic resonance (NMR),'**! absorption spectroscopy, !
acid-base indicator titration, and potentiometric titration>®’
are used for pH measurement, but these are complicated,
costly and have low sensitivity.””! Besides this, fluorescence
imaging methods are more promising due to excellent sensitiv-
ity, low cost, simplicity of operation, rapid real-time response,
high selectivity, low signal-to-noise ratio, noninvasive detection
and high spatiotemporal resolution.!**->*

Various reviews on pH probes have already been pub-
lished.!*>~*°! However, because of the widespread interest and
quick growth of this issue, the most current research achieve-
ments on fluorescent pH chemosensors must be discussed. In
addition to the considerable progress of lysosome and mito-
chondrial targeted pH probes, Golgi and ER specific pH
probes have recently been reported. As a result, in this study,
we will properly and accurately summarize fluorescent pH
probes published from 2018 to 2020, together with their
design methods, sensing processes, and applications.

We classified the chemosensors into seven categories
according to their applications. These are as follows: 1)
Cancer cell discriminating pH probes; 2) Lysosome target-
able pH probes; 3) Mitochondria targetable pH probes; 4)
Golgi body targetable pH probes; 5) Endoplasmic reticulum
targetable pH probes; 6) pH probes used in nonspecific cell
imaging; and 7) pH probes without cell imaging.

pH probes with various applications
Cancer cell discriminating pH probes

During cancer chemotherapeutic therapy, neighboring
healthy cells, as well as cancer cells, are damaged or

destroyed, which might result in serious health consequen-
ces. So, in order to specifically find cancer cells, enhance the
diagnostic process, and deliver medicines to target cells, can-
cer cells must be distinguished from normal cells based on
the pH differential in their cell’s microenvironment. To
meet this need, it is important to develop highly sensitive,
selective and biocompatible pH probes with good cell per-
meability. In this section, we summarize pH probes (1 to 6)
which were applied to differentiate cancer cells using the
fluorometric method.

In 2018, by using the advantages of an easy synthetic
procedure, good thermal stability, and high quantum yield
of the rarely reported 2,4,6-trisubstituted pyridine moiety,
Ma et al. reported pH probe 1 to discriminate cancer cells
from normal cells by using two-photon fluorescence micros-
copy.[m On decreasing the pH from 7.00 to 2.20, the probe
displayed 450-fold fluorescence enhancement at 475 nm with
121 nm of large stoke shift and this was due to protonation
of pyridine “N” on increasing acidity. The probe showed
good linearity within the pH range of 2.40 to 4.00 with a
pK, value of 3.22. The probe was found to be photo-stable
and reversible and also exhibited good selectivity, as various
ions, biologically relevant molecules did not show significant
interference in pH monitoring except excess concentration
of Hg*" which caused a 20% decrease in fluorescence inten-
sity when investigated at pH = 3.20 and pH = 4.20. Most
importantly, the probe successfully differentiated HeLa can-
cer cells from normal 293 T cells by two-photon fluorescence
imaging on excitation at 700 nm (Figure 1).

In the same year, Tian and coworkers reported a xan-
thene-based pH probe 2 contained electron withdrawing
malonitrile moiety and phenolic ~-OH group for ratiometric
monitoring of pH fluctuation.*?! To maintain the pK, value
within the physiological pH range, an electron- withdrawing
malonitrile moiety was incorporated into the probe, and
that made it suitable for tracking intracellular pH change in
this range. When pH increased from 5.0 to 9.0, strong intra-
molecular charge transfer (ICT) was observed and that was
due to alkali induced deprotonation of phenolic ~-OH group
of the probe. There occurred a red shift in the absorption
maxima (520 nm to 600 nm) with a color change from pink
to vivid blue and an isosbestic point was found at 536 nm.
Under similar condition, a ratiometric change was found in
emission spectra where fluorescence intensity ratio (Is»3/Is7,)
showed a 95-fold increment along with an increase in
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Figure 2. Chemical structure of xanthene-based pH probe 2 and its pH depend-
ent structural alterations.

fluorescence quantum vyield from 0.06 to 0.36. With good
photo-stability and reversibility, the probe was found to be
selective over various ions and amino acids. The probe was
found to have good linear response with excellent sensitivity
as within the pH range of 7.0-8.0 it exhibited up to 31.2%
fluorescence signal change per 0.1 pH unit. Further, with
more than 80 % cell viability and a pK, value of 7.45, the
probe was used to monitor pH variation in living HUVEC
cells. More importantly, the probe could successfully differ-
entiate tumor Hela cells from normal HUVEC and Vero
cells with 3.13- and 3.75-times fluorescence brightness than
tumor cells respectively (Figure 2).

Saha’s group reported another cancer cell discriminating
pH probe 3 based on aminoquinoline moiety.**’ When
investigated in Britton-Robinson buffer, the probe showed
increase in absorption peak at 330nm with a decrease of
peak at 400 nm on changing the pH from 7.0 to 2.0. Again,
on increasing pH from 7 to 11, the reverse observation was
displayed in the absorption spectrum with a change in color
from colorless to light yellow. In emission spectra, the fluor-
escence intensity showed gradual enhancement at 460 nm on
changing the pH from 7.0 to 2.0, whereas on increasing pH
from 7.5 to 9.5, intensity declined with broadening of the
peak. Strong blue fluorescence was observed within pH 2-5
and within pH 6-9 fluorescence was weak. Strong fluores-
cence in acid medium was due to inhibition of photoin-
duced electron transfer (PET) process as imine “N” of the
probe got protonated and this was further validated by
nuclear magnetic resonance (NMR), density functional the-
ory (DFT) and time-dependent density functional theory
(TDDFT) study. The fluorescence quantum yield and fluor-
escence lifetime increased from neutral to acid medium and
the pK, value was 5.7. The probe was found to be highly
selective as various cations (Na™, KT, Ca*", Mn*", Fe’™,
Co*™, Ni**, Cu*", Zn*" and Cd*") and anions (NO;, Cl,
SO,*, PO,*, PFs and SOs*) did not exhibit significant
interference in pH sensing. Importantly, cancerous, MDA-
MB 468 cells were successfully differentiated from normal
HEK cells by fluorescence microscopy study (Figure 3).

She et al. has reported a cyanine dye based near-infrared
(NIR) pH probe 4 for discriminating cancerous cell, tissue
and living animal.** When the pH was reduced from 7.4 to
5, the probe displayed a red shift of 190nm in the absorp-
tion spectra, with the color changing from red to green.
Also 20-fold enhancement of fluorescence intensity at
780 nm in emission spectra was observed with pK, value of
6.14. The protonation of one indole “N” of the probe in
acid medium exhibited large n-conjugation which was
responsible for this spectral change and it was confirmed by
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Figure 3. Chemical structure of cancer cell discriminating amlnoqumollne—
based pH probe 3 and its pH dependent structural alterations.
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DFT study and mass spectroscopy. Again, the probe was
found to be reversible within the same pH range and select-
ive toward pH over various analytes. Fluorescence imaging
in living cells successfully differentiated cancerous HCT116
cells from normal FHC cells, liver tissue of tumor mouse
from normal mouse and a strong fluorescence at tumor site
was observed when the probe was injected in HCT116-xeno-
graft tumor mouse (Figure 4).

To investigate the effect of the small aromatic ring on the
pH sensing abilities of the probes and to check whether two
isomeric probes exhibit any difference in their sensing prop-
erties, Roy and coworkers have synthesized two reversible
pH probes, 5 and 6, by appending two different isomers of
aminopyridine with 4-methyl-2,6-diformylphenol through
condensation reaction.*”) On changing the pH from 4.0 to
10.0, both the probes displayed enhancement in fluorescence
intensity by 195-fold for 6 and 66-fold for 5 at 530 nm along
with an increase in fluorescence lifetime and quantum yield.
A naked eye detectable color change from colorless to yellow
in visible light and colorless to yellowish-green under UV-
light appeared at pH 6.5 as well as it gradually got intense
on increasing pH. This was mainly due to phenolic ~-OH
de-protonation in alkaline medium and it was verified by
'"H-NMR and theoretical studies. These probes exhibited
good selectivity over various ions and the pK, value of both
the probes 5 and 6 were found to be 7.15 and 6.57 respect-
ively. More importantly, both the probes were used to dis-
criminate HepG2 cancer cells (pH = 5.5) from normal
WI38 cells (pH = 7.4) with negligible toxicity (Figure 5).

Lysosome targetable pH probes

Lysosomes are important subcellular acidic organelle of
eukaryotic cell and its acidic pH (4.5-5.5) is maintained via
proton pump from cytosol to lysosomal lumen by V-type
ATP-ase.***”] This acidic environment helps in many cellu-
lar biological events such as digestion and degradation of
damaged organelles and proteins, phagocytosis, plasma
membrane repairing, energy metabolism.!*>**) Hence slight
pH fluctuation in lysosome can induce adverse effect on cell
function and can cause aging, inflammation, lysosomal stor-
age diseases, rheumatoid arthritis, mucolipidoses, neurodege-
nerative diseases and tumors.”*>*! Additionally, recent



1316 D. BANIK ET AL.

Fluorescence Off

(B)

Normal

Cancer

Min

Figure 4. (A) Chemical structure of cancer cell discriminating NIR fluorescence pH probe 4 and its pH dependent structural alterations. (B) Fluorescence imaging of
normal and HCT116-xenograft tumor mouse in presence of probe 4 (10 uM) [Aex = 715nM, Aem = 750-850 nm]. Reprinted from Ref. [44] Copyright (2020), with

permission from Elsevier.
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Figure 5. Chemical structures of cancer cell discriminating pH probes 5 and 6.

studies have found that mitophagy and heat stress can cause
lysosomal pH rise through increasing membrane permeabil-
ity of lysosome and activating the lysosomal-mitochondrial
apoptotic pathway.[55’56] Thus, it is necessary to monitor
lysosomal pH accurately to understand its function and dis-
eases related to it. Generally lipophilic molecules with alka-
lescence moieties are lysosome permeable and after
protonation inside the lysosome it gets trapped due to its
positive charge and become membrane impermeable.
Commercially used lysotrackers are LTR (Lyso Tracker Red)
and LTG (Lyso Tracker Green) whereas morpholine, dime-
thylamino, cyanide and methyl carbitol moieties are used in
probes by researchers to locate lysosome. In this section we
reviewed various lysosome targeted pH probe reported in
last 3 years.

A two-photon pH probe 7 having lysosome targeting
methylcarbitol unit and pH-responsive benzimidazole moi-
ety was designed by Ge et al. for ratiometric monitoring of
pH variance in lysosome of living cells and cancer tissues.!*”’
When investigated in H,O/DMSO (4/1, v/v) medium by
lowering the pH from 6.80 to 2.50, acid induced protonation
of benzimidazole “N” of the probe caused enhancement of
ICT from donor carbazole to acceptor benzimidazolium
unit. As a result, red shift was observed in both absorption
spectra (359 nm to 397 nm) and emission spectra (454 nm to
514nm) with detectable color change from colorless to yel-
low as well as fluorescence change from blue to green.
Having large stoke shift in both acid and basic medium, the
emission intensity ratio (Fis4nm/Fsi1anm) showed a good lin-
ear relationship within pH 5.0-3.82 with a pK, value of
4.46. The two-photon fluorescence measurement showed
enhancement of fluorescence intensity at 525nm with a
gradual decrease at 485nm on decreasing pH. With good
selectivity, reversibility and photo-stability, the probe was
found to be lysosome targeting when co-localised with Lyso
Tracker Red DND-99 in HeLa cells. Ratiometric two-photon
fluorescence imaging in live HeLa cells and living tissues
from the liver of cancerous mouse proved the probe’s cap-
ability to monitor intracellular pH fluctuation. Furthermore,
the probe was used to track lysosomal pH change induced
by NH,Cl, H,0, and NAC(N-acetylcysteine) (Figure 6).

Liu’s group reported two pH probes (8 and 9) con-
structed by connecting coumarin and NIR hemicyanine
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Figure 6. Chemical structure of lysosome targetable two-photon ratiometric
fluorescent pH probe 7 and its pH dependent structural alterations.

moiety modified with lysosome targetable morpholine and
o-diaminebenzene unit.”®) When pH was changed from 7.0
to 2.5, the acid induced opening of spirolactam rings of
both the probes caused enhancement of n-conjugation.
Consequently, a ratiometric reversible fluorescence change
took place where hemicyanine fluorescence increased at
755nm for probe 8 and 740 nm for probe 9 with simultan-
eous lowering of coumarin fluorescence at 528 nm for probe
8 and 515nm for probe 9. The probes were found to be
selective, photo-stable and the pK, values were 4.2 and 4.8
for probe 8 and 9 respectively. With negligible cytotoxicity,
the probe 8 was found to be lysosome targeting and both
the probes were used to monitor pH change in living HeLa
cells ratiometrically (Figure 7).

Liu et al. designed three NIR pH probes 10, 11 and 12
by connecting aggregation-induced emission (AIE) contain-
ing tetraphenylethylene (TPE) moiety as donor with hemi-
cyanine moiety as acceptor via through bond energy transfer
(TBET) (probe 10) and n-conjugation modulation (probe 11
and 12) strategy with incorporation of morpholine residue
to target lysosome.l””) When the pH was reduced from 7.4
to 2.5, all three probes showed a ratiometric fluorescence
response with a decrease in donor TPE fluorescence and an
increase in acceptor hemicyanine fluorescence due to large
m-conjugation caused by acid induced spirolactam ring
opening. Among three probes, probe 10 showed better ratio-
metric response with 238-fold enhancement of fluorescence
intensity ratio (Iy3; nm/Is;o nm) due to its high TBET from
donor to acceptor on excitation at 420 nm. Further, with
good selectivity and photostability, all the probes were found
to have excellent membrane permeability and lysosome
staining ability. Finally, probe 10 showed better ratiometric
fluorescence imaging of intracellular pH in living HeLa cells
(Figure 8).

A rhodamine-based pH probe 13 was developed by
Yoon’s group by incorporating lysosome targeting weakly
basic N-(2-aminophenyl) aza-18-crown-6 moiety.'*’ The
author showed that after the introduction of the crown ether
ring, the probe exhibited better water solubility and could
track acidic pH. Acid induced spirolactam ring opening of
rhodamine caused more than 230-fold enhancement in
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fluorescence intensity at 588 nm and an increase in absorp-
tion peak was observed at 570 nm with a color change from
colorless to pink on increasing acidity (pH 7.0 to 3.0) in 1
% MeCN containing Britton-Robinson (BR) buffer. The
fluorescence quantum vyield also increased from 0.05 (pH
7.0) to 0.46 (pH 4.0). Being reversible (within pH 4.0-7.0)
with high selectivity over cations and amino acids, the probe
showed good linear response within pH 4.2-6.0 and the pK,
value was 4.10. Furthermore, the probe was used to monitor
lysosomal pH increase induced by chloroquine and dexa-
methasone as well as lysosomal pH decrease induced by
artesunate in HeLa cells with negligible cytotoxicity and
good photostability (Figure 9).

Wu et al. utilized the hemicyanine moiety to develop a
pH probe 14 for ratiometric detection of pH changes in the
lysosome.l®") They used a morpholine unit as an anchor to
tergate lysosomes, and that could prevent the leakage of the
probe during heat shock. Deprotonation of phenol moiety
induced a decrease in emission intensity at 522nm along
with an increase at 557 nm with pH change from 3 to 11.
The maximum emission intensity ratio (Fsy/Fss;) changed
from 0.18 to 1.2 on decreasing the pH from 11 to 3 with
good reversibility and the pK, value was 5.96. Co-localiza-
tion experiment by using LysoTracker Deep Red revealed
the probe’s lysosome targeting ability. Further lysosomal pH
increase during heat shock and its reversibility with uneven
pH distribution in lysosomes was successfully monitored by
using the fluorescence intensity ratio of two channels (green,
500-550nm and yellow, 570-620nm) in HeLa cells
(Figure 10).

Zhang et al. synthesized three NIR rhodamine dyes
among which probe 15 was successfully used to monitor
lysosomal pH changes.®? The introduction of an extra
amine group in the rhodamine moiety of probe 15 improved
its electron donation ability and photophysical properties.
Enhancement in absorption peak at 587 nm and emission
peak at 655nm with turn-on fluorescence response was
caused by acid induced spirolactam ring opening of probe
15 when pH changed from 7.6 to 2.0. Large steric hindrance
between amine moiety and xanthene moiety in probe 15
made it to have a quick and selective response toward pH
change with a high pk, value of 5.4. Co-culturing of probe
15 with lysotracker green in HeLa cells revealed its lysosome
targeting ability and further experiment demonstrated that
probe 15 could image pH increase in the lysosome due to
H,0, and N-ethylmaleimide induced oxidative stress. Again,
NH,Cl and chloroquine induced alkalification was also
tracked by the probe. Furthermore, intracellular pH change
in MCF7 human breast cells and HeLa cells was monitored
by probe 15 with good photostability and low toxicity
(Figure 11).

By incorporating pH sensitive dimethylamino groups and
lysosome anchoring morpholine unit in boron-dipyrrome-
thene (BODIPY) fluorophore, Zhu et al. synthesized two
acidic pH responsive probes 16 and 17.1°*) When investi-
gated in THF/H,O (1:1, v/v) by decreasing pH from 6.83 to
0.82, protonation of dimethylamino groups in both the
probes inhibited the ICT process and that caused large blue
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Figure 7. Chemical structure of lysosome targetable probes 8 and 9 and their pH-dependent structural alterations.

shift in both absorption and emission spectra. There
occurred a 300-fold increase in emission intensity ratio
(Isy5/lses) of probe 16 with pK, value of 2.0 under similar
condition. Probe 17 also showed an increase in emission
intensity ratio (Isyo/I73) from 0.63 (pH = 6.83) to 924 (pH
= 0.82) with two pK, values of 3.3 and 1.5. Both the probes
were found to be lysosome specific when co-localized with
commercial LysoTracker™ Blue DND-22 in A549 cells and
also exhibited more than 85% cell viability under 20 uM.
Further both the probes displayed significant ratiometric
change within pH 4.0-3.0 in intracellular pH monitoring
(Figure 12).

In 2018, Lin and coworkers reported a two-photon pH
probe 18 by modifying naphthalimide moiety with pH sensi-
tive, lysosome targeting morpholine and piperazine units.'®*!
When investigated in B-R buffer by increasing pH from 2.0
to 10.0, the probe exhibited a decrease of absorption peak at
396 nm and 52-fold decrease of emission peak at 531 nm.
Protonation of morpholine “N” and piperazine “N” in acid
medium induced PET off and caused strong fluorescence.
The probe 18 was found to be selective over various bio-
active molecules and ions (Mg®", Ca’*, H,0,, GSH and
Cys) and also showed reversible behavior between pH 5.5
and 7.4 up to more than six cycles. Co-localization with
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Figure 10. Chemical structure of lysosome targetable ratiometric fluorescent probe 14 and its pH-dependent structural alterations.
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Figure 11. Chemical structure of lysosome targetable rhodamine based NIR pH probe 15 and its pH-dependent structural alterations.

LysoTracker Red® displayed the probe’s lysosome labeling
ability and two-photon imaging of chloroquine induced
lysosomal pH change was successfully done by the probe 18
(Figure 13).

Liu et al. reported two NIR pH probes 19 and 20 for
monitoring lysosomal pH fluctuation in living cells by using
both stoke-shift and anti-stoke shift fluorescence measure-
ment.®! Both the probes contained lysosome targeting mor-
pholine unit whereas the mannose unit of probe 20 made it
bio-compatible and enhanced its solubility in aqueous solu-
tion. On decreasing pH from 7.22 to 2.76, both the probes
showed enhancement at 699 nm and 693 nm in stokes and
anti-stoke shift fluorescence measurement respectively with
good reversible response and this was due to enhancement
of m-conjugation resulted from acid induced spirolactam
ring opening. The pK, values for both the probes were 4.80
(19) and 4.40 (20). Being photostable with minimum photo
bleaching issues, both the probes showed good selectivity

toward pH over various bio-relevant species. Both the
probes targeted the Ilysosome when co-cultured with
LysoTracker green in HeLa cells where probe 20 showed
comparatively low toxicity and stronger fluorescence due to
its mannose unit. Both the probes were applied to visualize
pH change in lysosome by using stoke and single photon
anti-stoke shift fluorescence measurement in Hela and KB
cells. Additionally, stoke shift fluorescence measurement of
lysosomal pH change was also investigated in HUVEC-C
and MDA-MB231 breast cancer cells (Figure 14).

Zhang et al. synthesized a rhodamine based NIR pH
probe 21 and a Forster or fluorescence resonance energy
transfer (FRET) based NIR pH probe 22 where probe 22
was designed by connecting rhodamine as FRET donor with
cyanine as FRET acceptor through ethylene-diamino link-
age.l*! Acid induced spirolactam ring opening of probe 21
led to increase of emission peak at 623nm on decreasing
pH from 7.0 to 2.4 and the pK, value was calculated to be
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Figure 13. Chemical structures of lysosome targetable two-photon fluorescent
probe 18 and its pH-dependent structural alterations.

5.15. Similarly, protonation of N atom led to spirolactam
ring opening of probe 22 in acidic pH which induced the
enhancement of emission peak at 616 nm and 743nm on
excitation at 450nm with two pK, values of 4.0 (from
rhodamine donor) and 7.4 (from cyanine acceptor). Finally,
with reversibility and selectivity over various metal ions,
anions and biologically relevant small molecules both the
probes were found to be lysosome targetable and could
monitor intracellular pH change in living HeLa cells
(Figure 15).

Wang et al. synthesized three NIR pH probes 23, 24 and
25 by connecting AIE fluorophore TPE with NIR

/ ~N
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Figure 12. (A) Chemical structures of lysosome targetable BODIPY based ratiometric fluorescent pH probes 16 and 17. (B) Fluorescence imaging of probe 16 (5 uM)
in A549 cells at several pH [Green channel (Zey, = 515-565 nm), red channel (/e = 650-700 nm), Z.,=488 nm, Ratio images show the fluorescence intensity ratio
between the green and red channels (lgreen/lreq)]. Reproduced/Adapted from Ref. [63] with permission from The Royal Society of Chemistry.
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fluorophore rhodamine for ratiometric monitoring of pH
variation through both TBET and FRET mechanism.!®” All
the three probes responded within pH 7.4 —3.0 where on
increasing acidity, acid induced spirolactam ring opening
caused decrease of donor TPE emission and simultaneous
increase of acceptor rhodamine emission due to energy
transfer occurred through both TBET and FRET. Signal-to-
background emission ratios in terms of donor to acceptor
showed 365, 1762 and 131-fold enhancement and the pK,
values found to be 4.4, 4.6 and 4.8 for 23, 24 and 25
respectively. The probes exhibited good photostability and
reversibility and no significant interference was observed
from cations, anions and bioactive molecules in pH deter-
mination. Being consistent with the fluorescence spectra in
buffer solution, all the three probes ratiometrically detect
pH variation in living HeLa cell and stained lysosome with
high Pearson’s coefficients. Furthermore, probe 25 was
applied to monitor lysosomal pH increase induced by
chloroquine (Figure 16).

Ning et al. reported a ratiometric two-photon fluorescent
probe 26 which contained pH-responsive benzimidazole and
lysosome targeting morpholine moiety.'®® The probe exhib-
ited a red-shift (340nm to 385nm) in absorption spectra
with isosbestic point at 370 nm on changing pH from 8.2 to
3.2. In emission spectra there also occurred a 65nm red
shift (410nm to 475nm) with fluorescence change from
weak blue to green and fluorescence intensity ratio (I475nm/
I410nm) enhanced 140-fold (0.34 to 47.62) along with fluor-
escence quantum yield from 5.23% to 11.27% on decreasing
the pH from 9.6 to 3.2. This was mainly due to protonation
of benzimidazole “N” in acid medium enhanced the ICT
process, which was further confirmed by '"H.NMR and TD-
DEFT studies. The probe was found to be reversible between
pH 4.2—7.2 up to 6 cycles with a pK, value of 4.86 and
have good selectivity with linear response of the fluorescence
intensity ratio (Li7snm/la10nm) within pH 4.2 to 5.6. The
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Figure 15. Chemical structures of lysosome targetable FRET-based NIR fluorescent probes 21 and 22 and their pH-dependent structural alterations.

colocalization study with LysoTracker Red revealed the
probe’s lysosome targeting ability. More importantly, the
probe was successfully used in quantitative monitoring of
intracellular pH and starvation induced autophagy through
ratiometric two-photon imaging in MCEF-7 cells. Overall,
this probe could be very effective in real-time monitoring of
autophagy conditions by using the advantages of both the
ratiometric and TPM methods (Figure 17).

Based on in situ switching of spiropyran from its closed
to open form, Li and coworkers reported four NIR pH
probes 27, 28, 29 and 30 for ratiometric monitoring of lyso-
somal pH change.'®”! On changing pH from 6.0 to 4.0, acid
induced opening of closed spiropyran ring of all the probes
led to exhibit ratiometric response with NIR emission. The
pK, values of all the probes were found to be 5.40(27),
5.35(28), 5.42(29) and 5.26(30). With good selectivity and
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Figure 16. Chemical structures of TBET and FRET-based NIR ratiometric fluorescent pH probes 23-25.
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Figure 17. Chemical structure of lysosome targetable ratiometric two-photon fluorescent probe 26 and its pH-dependent structural alterations.

light stability all the probes were found to be lysosome spe-
cific where probe 28 with its best ratiometric behavior
showed high PCC (Pearson’s colocalization coefficients) of
0.98 when co-localized with commercial LysoTracker Green
DND-26 in HepG2 cells. Moreover, probe 28 was successfully

used to monitor intracellular pH change, chloroquine induced
and heat shock induced lysosomal pH increase ratiometri-
cally. Lastly, the effectiveness of these spiropyran in situ
switching (SIS) mechanism based ratiometric NIR probes
might draw the attention of new researchers (Figure 18).
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Figure 18. Chemical structures of lysosome targetable ratiometric NIR fluorescent probes 27-30 and their pH-dependent structural alterations.

Shi et al. Synthesized a NIR pH probe 31 by co-ordinat-
ing boron fluoride with a hemicyanine framework and this
co-ordination improved the probe’s photostability as well as
the probe exhibited a large stoke shift of 55nm.”®’ On
increasing pH from 3.29 to 9.07, the probe exhibited an
obvious enhancement in emission intensity in the acidic pH
range (3.29 to 6.24) whereas a slight change was observed in
alkaline pH range (7.40 to 9.07). This was mainly due to
protonation/deprotonation of the imine unit of the probe
and that was further verified by 'H-NMR study. Further, the
probe showed good linear response within pH 3.29 to 6.24
with a pK, value of 5.03 and exhibited reversible nature
within the pH range of 3.5 to 9.2. Cell experiments by co-
staining the probe with lysotracker displayed that the probe
was lysosome targeted with good biocompatibility and high
anti-interference property. Again, the probe was used to
monitor intracellular pH fluctuation and chloroquine
induced lysosomal pH increase in living HeLa cells. Lastly,
in vivo imaging in living mice showed that the fluorescence
intensity of the probe was higher in the saline (pH 6.9)
injected side rather than the acidic side (pH 5) of mice.
Finally, this novel concept of combining the boron complex
with the classic hemicyanine moiety would encourage
researchers to construct new kinds of fluorescent probes in
the future (Figure 19).

In 2019, Liu’s group designed three NIR probes 32, 33
and 34 by connecting different donor BODIPY derivatives
with acceptor rhodamine and merocyanine moieties bearing
weakly basic lysosome targetable morpholine and amine res-
idues.”"! With good selectivity and photostability, all the
probes showed ratiometric fluorescence response where a
decrease of donor (BODIPY derivatives) fluorescence inten-
sity and increase of acceptor (thodamine and merocyanine)
fluorescence intensity was observed on changing pH from
7.6 to 1.6. The fluorescence enhancement of probes 32, 33
and 34 was 138.7, 29.9, and 64.1-fold respectively and this
was mainly because of acid induced opening of the

pH 7.4

yase
30

acceptor’s spirolactam ring which enables the energy transfer
from donor to acceptor through both TBET and FRET pro-
cess. Furthermore, probe 32 and 33 were found to have
good lysosome targeting ability and could monitor intracel-
lular pH ratiometrically in both visible and near-infrared
channels. Again probe 33 was used to monitor N-acetyl
cysteine (NAC), NH,Cl, chloroquine and H,0, induced
lysosomal pH change due to its better ratiometric response
(Figure 20).

Ge et al. reported two carbazole based pH probes 35 and
36 for monitoring lysosomal pH.”?! The probe 36 showed a
red shift both in absorption spectra (397 nm to 480 nm) and
emission spectra (520nm to 608 nm), with detectable color
change from colorless to pink and fluorescence change from
yellow to red when the pH was reduced from 7.1 to 2.50.
The fluorescence intensity ratio (Fs2 nm/Fsosnm) Of probe 36
also lowered with good linear response within pH 4.67-3.33.
Probe 35 also displayed a 14nm hypsochromic shift in
absorption spectra (Ay.x = 486 nm) and a 16 nm hypsochro-
mic shift in emission spectra (Ao, = 592nm) on increasing
acidity of the medium. These spectral changes were attrib-
uted to enhancement of ICT from electron donating carba-
zole moiety to electron withdrawing benzo-indole moiety
which was due to acid induced protonation of benzo-indole
moiety. Both the probes showed their selective response
toward pH changes over different metal ions and bio-rele-
vant molecules with pK, values of 4.26(36) and 4.51(35).
With good photostability, excellent reversibility and low
cytotoxicity, both the probes successfully targeted lysosomes
in HepG2 cells with LysoTracker Green DND-26. Moreover,
the probes detected intracellular pH change ratiometrically
in HepG2 cells as well as H,O, and NAC induced pH
changes in lysosome (Figure 21).

Zhang et al. developed three ICT based ratiometric pH
probes 37, 38 and 39 by linking electron donor N, N-dime-
thylaniline and triphenylamine moieties with electron
acceptor 2-(4-methoxyphenyl)imidazo [1,2-a]pyridine
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Figure 19. Chemical structure of lysosome targetable NIR fluorescent probe 31 and its pH-dependent structural alterations.

moiety.”?) On lowering the pH from 7.0 to 2.2, acid

induced protonation of imidazopyridine N favored strong
ICT and due to this reason all the probes exhibited red shift
in their emission maxima. The pK, values were determined
to be 3.3 (37), 2.1 (38) and 3.1 (39). Probe 37 and 39 were
employed in ratiometric intracellular pH monitoring in liv-
ing HelLa cells with good cell permeability. Moreover, all the
three probes were found to be lysosome targetable and suc-
cessfully used to monitor acidic pH in Escherichia coli (E.
coli) bacteria with good selectivity and reversibility
(Figure 22).

Niu et al. reported a carbazole based NIR pH probe 40
by modifying it with a lysosome targetable methylcarbitol
unit and proton responsive quinoline moiety.”* The probe
displayed a red shift (383 nm to 464 nm) in absorption spec-
tra with an isosbestic point at 415nm on increasing acidity
(pH 7.0 to 2.5) and a distinct color change was observed
from colorless to orange. Under similar conditions (pH 7.0
to 1.9), red shift was also observed in emission spectra and
that enabled ratiometric response. The emission intensity
ratio (Is30/Is37) exhibited more than 260-fold change with
good linearity within the pH range of 39 to 5.3.
Enhancement of the ICT process due to protonation of
quinoline “N” in acid medium was the main reason behind
this spectral change. With a pK, value of 4.60, the probe
showed good selectivity, photostability and reversible behav-
ior within pH 7.0 to 2.2. Furthermore, the probe was found
to be lysosome specific (PCC = 0.93) when co-localized
with commercial LysoTracker Red DND-99 and could image
pH change ratiometrically in B16-F10 cells. In addition, the
probe was used in in vivo fluorescence imaging of LPS (lipo-
polysaccharide) induced inflamed tissues of mice
(Figure 23).

Recently, Zhou’s group constructed a FRET-based two-
photon pH probe 41 by linking fluorophore naphthalimide
as donor and rhodamine B as acceptor with lysosome target-
able morpholine moiety for ratiometric monitoring of lyso-
somal pH in living cells and in Zebrafish.”*) On increasing
acidity (pH 8.0 to 4.0), acid induced spirolactam ring open-
ing caused FRET with a decrease of donor green emission at
510nm and an increase of accepter red emission at 595nm
and that enabled ratiometric sensing (Isos/Is;0) of pH. With
good reversibility, selectivity and negligible cytotoxicity, the
probe was found to be lysosome targeted when co-stained
with Lysotracker Deep Red in HeLa cells. Further, the probe
could track chloroquine induced lysosomal pH change by

dual channel fluorescence emission in living HeLa cells and
Zebrafish. These kinds of FRET-based two-photon ratiomet-
ric pH probes need to be constructed in the near future
(Figure 24).

Mazi et al. synthesized three lysosome specifying probes
42, 43 and 44 by incorporating bulky moiety of 2-amino-
phenylboronic acid pinacol ester in traditional rhodamine
dye, NIR rhodamine dye and NIR hemicyanine dye.”®! On
changing the medium from basic to acidic, all the probes
42, 43 and 44 displayed enhancements in fluorescence
intensity at 580 nm, 644nm and 744 nm with pK, values of
5.81, 545 and 6.97 respectively. This enhancement was
mainly due to an increase in m-conjugation as a result of
acid induced opening of the closed spirolactam ring. All the
probes exhibited reversibility within pH 7.4 to 2.4 with good
selectivity over various ions and excellent photostability.
Colocalization experiments of the three probes with lysosen-
sors Green DND-189 showed their lysosome targeting ability
and probes could be used for intracellular pH imaging in
MDA-MB231 and HUVEC-C cells with low toxicity
(Figure 25).

Simultaneous detection of lysosomal and cytoplasmic pH
is essential as it plays an important role during the autoph-
agy process. To achieve this, Lin and coworkers designed a
pH probe 45 having a dual pH sensitive site where the cou-
marin site responded in a neutral pH range to track cyto-
plasmic pH and the rhodamine site worked in an acidic pH
range to monitor lysosomal pH.'””! The probe displayed a
ratiometric fluorescence response where intensity ratio (Isgg/
I;55) declined from 1.76 to 0.04 and 0.012 to 0.004 on
increasing pH from 4.5 to 5.5 and from 6.0 to 8.0 respect-
ively. The colocalization experiments confirmed the probe’s
lysosome and cytoplasm targeting ability and it was
employed to monitor intracellular pH variation in living
HepG2 cells with low toxicity and good selectivity. However,
lowering of cytoplasmic and lysosomal pH during starvation
induced autophagy in living HepG2 cells and 4T1 cells was
successfully monitored by using the probe in a ratiometric
manner. Additionally, NH,Cl and chloroquine induced
autophagy inhibition through alkalization was also investi-
gated (Figure 26).

A Si-rhodamine moiety was modified with morpholine
unit by Zhang and coworkers to develop a NIR pH probe
46 for monitoring lysosomal pH.”®’ H' induced proton-
ation of morpholine “N” and ring opening of rhodamine
moiety caused a turn on fluorescence with 1400-fold
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Figure 20. Chemical structures of lysosome targetable near-infrared ratiometric fluorescent probes 32-34 and their pH-dependent structural alterations.
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Figure 21. Chemical structures of lysosome targetable carbazole-based long-emission ratiometric fluorescent probes 35 and 36 and their pH-dependent structural

alterations.
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Figure 22. Chemical structures of double emissive ratiometric fluorescent pH probes 37-39.

enhancement in fluorescence intensity at 675 nm on increas-
ing acidity (pH 7.4 to 3). The probe was found to be highly
selective over bio-relevant species with good reversible
response within pH 3.5 to 7.0 and pK, value was calculated
to be 4.63. With excellent photostability and low cytotox-
icity, the probe was found to be lysosome specific and was
able to monitor lysosomal pH in both HeLa cells and A549
cells. Moreover, the probe was used to track dexamethasone
induced apoptosis and chloroquine induced pH increase in
lysosome in Hela cells. Furthermore, heat stroke induced
lysosomal pH increase was successfully imaged by the probe
both in HeLa cells and A549 cells (Figure 27).

Yan et al. reported a FRET based pH probe 47 by con-
necting the BODIPY unit with rhodamine moiety.””’ On
increasing the pH from 4.0 to 12, the probe showed a ratio-
metric fluorescence response where the emission peak at
518 nm of the BODIPY unit showed gradual decrease with

an increase of rhodamine emission peak at 582nm. The
fluorescence intensity ratio (Isgy/I515) also displayed signifi-
cant enhancement from 0.6 to 3.4 within pH 8.0 to 4.0 and
pK, value was calculated to be 7.1. The colocalization
experiment showed that the probe was selectively stained
lysosome and was used to detect lysosomal pH decrease dur-
ing LPS induced inflammation in macrophages (Figure 28).
Lysosomal pH probes based on pH responsive polymers
are rarely reported. To achieve this task, Lin and coworkers
reported two polymer-based pH probes (48 and 49) for
monitoring lysosomal pH by incorporating pH responsive
biocompatible polymer matrix poly (N, N-dimethylami-
noethyl methacrylate) into naphthalimide fluorophore.!®”’
On decreasing acidity (pH 3.0 to 9.0), deprotonation in the
polymer chain of probe 48 displayed lowering of its emis-
sion intensity at 424nm and the pK, value was found to be
6.67. Due to protonated polymer chain and inhibition of
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Figure 23. (A) Chemical structure of lysosome targeting NIR ratiometric fluorescent pH probe 40 and its pH-dependent structural alterations. (B) In vivo fluorescence
images of probe 40 in mice with stimulation by LPS. (A) LPS (1.0 mg mL " in saline, 200 pL) + probe 40 (40 mM, 200 200 pL) (B) only probe 40 (40 mM, 200 200 L)
and (C) only LPS (1.0mg mL™" in saline, 200 uL) (E, = 420 nm, E,, = 535 nm). Reproduced/Adapted from Ref. [74] with permission from the Center National de la

Recherche Scientifique (CNRS) and The Royal Society of Chemistry.

PET from morpholine “N” to naphthalimide fluorophore in
acid medium probe 49 showed dual emission at 467 nm and
543 nm when excited at 370 nm. But on increasing pH from
3.0 to 9.0 the emission intensity of these peaks lowered and
two pK, values were calculated to be 6.67 and 5.83. With
high photostability, good selectivity and reversibility, both
the probes were found to be lysosome specific with PPC
(Pearson’s colocalization coefficient) of 0.90 (48), 0.94 (49).
Furthermore, both the probes were employed to monitor
chloroquine induced lysosomal pH increase. Due to better
pH sensitivity than probe 48, probe 49 was further used to
monitor the increase in lysosome pH during sucrose
induced lysosomal storage disorders and during rotenone
induced cell apoptosis in living HeLa cells (Figure 29).

To investigate lysosomal pH change during heat shock,
Shen and coworkers reported a rhodamine based NIR pH
probe 50 containing lysosome targetable morpholine moi-
ety.®!] The probe exhibits enhancement in absorption peak
at 650nm and fluorescence intensity at 705nm on decrease
of pH from 7.40 to 2.00 and this investigation was done in

B-R buffer (5% (v/v) ethanol as co-solvent). This enhance-
ment is mainly due to structural change of the rhodamine
moiety from non-fluorescent spirocyclic to fluorescent ring-
open form on interaction with H" which was confirmed by
"H-NMR. The pK, value was found to be 4.24. The probe
was also found to be highly selective toward pH over other
analytes within the pH range of 7.40 to 3.00 and also found
to have little response time and good reversibility. The probe
could locate lysosomes in HeLa cells when co-cultured with
LysoSensor Green DND-189 and explored that lysosomal
pH increases with increased heat treatment (Figure 30).
Zhang et al. reported an ICT based hemicyanine probe
51 contained pH sensitive electron acceptor benzoindole
and electron donor dimetylamino moiety.' On changing
the pH from 7.0 to 2.0 in water/ethanol (1/9, v/v), the probe
displayed ICT induced bathochromic shift both in absorp-
tion (421 to 555nm) and emission spectra (534 to 622 nm)
with large stoke shifts and emission intensity ratio (Fs3snm/
Feronm) showed decrease from 5.60 to 0.14. Good linear
response was observed within pH 3.41 to 4.82 with selective
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Figure 24. Chemical structure of FRET-based two-photon ratiometric fluorescent probe 41 and its pH-dependent structural alterations.

Figure 25. Chemical structures of lysosome targeteable fluorescent pH probes 42-44.

and reversible nature of the probe and the pK, value was
found to be 4.25 from fluorometric titration. Co-localization
with Lyso-Tracker Red DND-99 showed the probe’s lyso-
some staining ability and the probe was further used to
monitor intracellular pH fluctuation in living HeLa cell.
H,0,, glucose and NH,Cl induced pH change were also
investigated ratiometrically (Figure 31).

For two photon imaging of lysosomal pH change, Dong
et al. synthesized a pH probe 52 by modifying naphthali-
mide fluorophore with lysosome targetable, pH sensitive
piperazine and morpholine moiety as well as additional ben-
zyl chloride unit was incorporated for better lysosome
anchoring.®™ Acid induced protonation of piperazine and
morpholine “N” blocked the PET process and that caused
47-fold enhancement of emission intensity at 535nm on
decreasing pH from 10.0 to 2.0. With good selectivity, pho-
tostability and reversibility, the probe exhibited linear
response within pH 5.0 to 7.3 and the pK, value was found
to be 6.24+0.02. pH variation and heat shock induced lyso-
somal alkalization in probe loaded SMMC-7721 cells were

successfully imaged by two-photon fluorescence imaging.
Further the probe was applied to image lysosomal pH
increase during L-buthioninesulfoximine (BSO) and cis-plat-
inum (Cis) induced cell apoptosis. Moreover, the lysosomal
pH rises during sodium selenite (SS) induced mitophagy
was confirmed by dual color fluorescence imaging. Lastly,
the two-photon imaging of abdominal tissues of mice pre-
treated with different pH buffers demonstrated the probe’s
in vivo imaging capability (Figure 32).

Zhang et al. reported an ICT based hemicyanine pH
probe 53 which exhibited red shift in both absorption (393
to 482nm) and emission spectra (517 to 555nm) with large
stoke shifts on lowering pH from 7.0 to 2.59. This change
was due to increase in ICT on protonation of benzoindole
moiety of the probe.® The color of the probe’s solution in
water/ethanol (1/1, v/v) changed from pale yellow to orange
and green to red under visible and UV light respectively.
The probe was found to exhibit linear response within pH
4.4 to 6.2. With low toxicity and good photostability, the
probe was applied to track pH variation in living HeLa cells.
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Figure 27. Chemical structure of lysosome targeting Si-rhodamine-based NIR probe 46 and its pH-dependent structural alterations.

Besides, bearing a pK, value of 4.98, the probe was found to
stain the lysosome and could monitor NAC and H,0,
induced pH fluctuation (Figure 33).

Another lysosome targeting pH probe 54 was designed
by Wang et al. by incorporating a lysosome specific meth-
ylcarbitol unit in the rhodamine moiety.!® The probe was
colorless in B-R buffer solution (40 mM) containing 2.5 %
DMSO at pH 7.4 but turned pink at pH 4.50 with gradual
enhancement of absorption peak at 561 nm due to acid
induced ring opening of the rhodamine moiety. Similarly
in emission spectra, the probe displayed turn-on red

fluorescence with a 148-fold increase in fluorescence inten-
sity at 583nm on increasing acidity (pH 7.40 to 4.40).
Having good reversibility and high selectivity, the probe
showed good linear response within the pH range of 4.50
to 5.70 with pK, value of 4.96. The probe was found to be
lysosome specific when co-localised with LysoTracker
Green DND-26 and successfully imaged intracellular pH in
HeLa cells as well as T98G and SMMC-7721 cells.
Moreover, pH change in the lysosome during starvation
induced autophagy condition was monitored in HeLa cells
(Figure 34).
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Figure 28. Chemical structure of lysosome targeting BODIPY-rhodamine ratio-
metric fluorescent probe 47 and its pH-dependent structural alterations.

Both water solubility and cell permeability are two essen-
tial characteristics of a good probe for its practical applica-
tion in pH monitoring. To meet this need, hydrophilic
pyranine and hydrophobic porphyrin units were used by
Jiang and coworkers to design a FRET-based dyad 55 for
ratiometric monitoring of intracellular pH.®®! Here, the pyr-
anine unit acts as a donor and the meso-4-pyridyl substi-
tuted porphyrin unit acts as an acceptor in the FRET
mechanism. On decreasing pH from 8.58 to 2.59, the probe
displayed 95-fold change (1.73 to 0.018) of emission inten-
sity ratio (Isso/Is35) in PBS buffer where the NIR band at
660 nm got dramatically quenched with a slight decrease of
the blue band at 435nm. This spectral behavior was mainly
due to successive acid induced protonation of meso-pyridyl
groups and inner pyrrole nitrogens of the porphyrin moiety.
So, two pK, values for two successive protonations were
determined and these were 6.46 (meso-pyridyl groups) and
3.92 (inner pyrrole nitrogens). The probe was found to
exhibit linear response within pH 5.4 to 7.5 and 3.3 to 4.5
as well as reversibility within pH 4.0 to 8.0. Lastly, the probe
was found to have lysosome targeting ability and was used
to monitor intracellular pH in living A549 cells (Figure 35).

Xu et al. synthesized a series of pH probes 56, 57, 58 and
59 by incorporating lysosome targetable morpholine unit in
theimidazole-fused benzothiadiazole moiety.”®”) By changing
the substituent in the imidazole ring, photophysical proper-
ties of them were investigated in BR buffer with 10%
DMAC (N, N-dimethylacetamide). All the four probes were
responsive toward acidic pH and displayed enhancement in
fluorescence intensity on increasing acidity (pH 8.5 to 4.0).
The pK, values of all the probes were 5.5, 5.3, 5.1, and 4.5
for 56, 57, 58 and 59 respectively. Further investigation
showed that probe 57 showed good linear relationship (pH
4.4-5.6), selectivity over various metal ions, reactive oxygen/
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nitrogen species, small biomolecules and reversibility up to
five cycles at pH 4.0 and 7.4. With good cell permeability,
low toxicity and better photostability than LysoTracker Red,
the probe 57 was found to be lysosome specific with high
overlap coefficient (0.74). Moreover, the probe was found to
be capable of monitoring Baf-Al and chloroquine induced
lysosomal pH increase and intracellular pH variation in
MCE-7 cells (Figure 36).

By linking electron acceptor benzothiadiazole moiety with
electron donor N, N-diethylamino groups, Li et al. synthe-
sized an ICT based D-A-D (donor-acceptor-donor) type pH
probe 60.%8] Acid induced protonation of N, N-diethyla-
mino groups of the probe decreased the ICT and the probe
did not exhibit any distinct emission peak at acidic pH but
on increasing pH value (3.0 to 7.4) it displayed a maximum
emission peak at 614nm in alkaline medium with a sharp
enhancement of intensity within pH 4.5 to 5.7. Almost 25-
fold enhancement in fluorescence intensity was observed
with linearity within pH 4.5-5.2 and pK, value was found to
be 5.0. Additionally, the probe was found to selectively stain
lysosome and used to monitor intracellular pH variation in
SGC-7901 cells with good selectivity, photo-stability and
negligible toxicity. Moreover, the probe was employed to
track starvation induced autophagy in living cells
(Figure 37).

Recently, another rhodamine-based pH probe 61 contain-
ing lysosome targeting morpholine moiety was reported by
Dong’s team.® In B-R buffer on lowering pH from 8.0 to
4.80, the probe exhibited an increase of absorption peak at
574nm accompanied by color change from colorless to light
pink. In fluorescence spectra, the peak at 590nm showed
gradual enhancement of more than 120-fold along with turn
on red fluorescence. The quantum vyields also increased
from 0.009 to 0.12 and acid induced opening of the spirocy-
clic rhodamine ring was responsible for these spectral
changes. Having good reversibility (pH 5.0-8.0) and linearity
(pH 5.0-6.0) the probe was highly selective with pK, value
of 5.42 as cation, anions and amino acids did not induce
any significant interference. Colocalization of probe with
LysoTracker GreenDND-26 in HeLa cells demonstrated the
lysosome labeling property and probe loaded HeLa cell with
high K" buffers with different pH values containing nigeri-
cin showed the probe’s applicability in intracellular pH
monitoring. Again, lysosomal pH increases during heat
shock, rapamycin induced mitophagy and dexamethasone
induced apoptosis were successfully imaged by the probe in
HeLa cells (Figure 38).

Mitochondria targetable pH probes

Being the “energy factory” of cells, mitochondria produce
cellular energy by generating ATP (adenosine triphosphate)
in respiratory cahin.® It also plays an important role in
various cellular metabolic processes including Ca** homeo-
stasis,”!!  cellular apoptosis,!®? reactive oxygen species
(ROS) production,™ urea cycle,!”* fatty acid oxidation,'*”
iron metabolism."*®! Weakly alkaline pH (~8) of mitochon-
dria is necessary to respond properly to various subcellular
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Figure 29. (A) Chemical structures of polymer-based lysosome targeting pH probes 48 and 49 and their pH-dependent structural alterations. (B) Fluorescent imag-
ing of Hela cells (a-d) treated with probe 49 only (60 ng/mL); and (e — h) treated with 10 uM rotenone and then with probe 49 (60 ug/mL). Scale bar: 20 um.
Reprinted (adapted) with permission from Ref. [80] Copyright (2019) American Chemical Society.

Figure 31. Chemical structure of lysosome targeting hemicyanine-based ratiometric fluorescent pH probe 51 and its sensing mechanism.



activities under normal physiological conditions. But slight
fluctuation of this pH under stress or hypoxia may lead to
damage of mitochondria®”’ and that may further lead to
mitophagy[gs] or cellular apoptosis. In addition, this type of
mitochondrial dysfunction is closely linked with cancer,!*”
neurological and cardiovascular diseases,'°*1°" metabolic
disorder.!"?! So, it is very essential to accurately monitor
mitochondrial pH to understand its functions clearly under
both physiological and pathological conditions. Negative
membrane potential across the double-layered mitochondrial
membrane attracts lipophilic cations (triphenylphosphonium
cation, pyridinium ion etc.) through electrostatic attraction
and incorporation of these cations in to probes improves
their mitochondria targeting ability.'®®) Furthermore, probes
are generally modified with benzyl chloride to achieve high

N PET
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:

Figure 32. Chemical structure of lysosome targetable two-photon fluorscent
probe 52 and its pH-dependent structural alterations.
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immobilization in mitochondria through nucleophilic reac-
tion with thiol(-SH) groups of mitochondrial proteins.

AJE (Aggregation induced emission) has been a popular
sensing mechanism in the field of chemosensors in recent
years. To address this, Tang and coworkers reported a ben-
zothaizole based ratiometric pH probe 62 that exhibited
strong fluorescence emission in an aggregated state due to
AIE property and that was governed by both excited-state
intramolecular proton transfer (ESIPT) and RIR (restricted
intramolecular rotation) processes.!'**) When investigated in
water/ethanol (f,, = 99%, v/v), the neutral form of the probe
having low solubility in acidic pH displayed aggregated yel-
low emission at 551 nm whereas in alkaline medium depro-
tonation of phenolic -OH and carboxyl group led to cyan
fluorescence at 484 nm. Distinct fluorescence change with
linear response was observed within pH 6.86-8.07 and two
pK, values were calculated to be 7.3 and 8.6. In addition,
the probe was found to have mitochondria targeting ability
with a high Pearson correlation coefficient of 0.92 when co-
localised with MitoTracker Deep-Red FM and could image
intracellular pH change in living HeLa cells. Moreover, the
probe was successfully employed to distinguish acid and
basic vapors through probe loaded test papers (Figure 39).

In 2018, Kim and coworkers used 4-aminopyridine as a
pH sensitive site to make a pH probe 63.1'°! On increasing
pH from 9.5 to 3.2 with an excitation wavelength of 353 nm,
the probe exhibited enhancement in fluorescence intensity at
457 nm. In contrast, when excited at 410 nm, the quenching
of fluorescence was observed. With good self-calibrating
nature, the similar intensity change was observed when
investigated in TPM mode with excitation wavelength of
750nm and 810nm. The colocalization experiment showed
that the probe was mitochondria targeted and could image
intracellular pH in both one-photon and two-photon mode.
Furthermore, the probe was used to monitor NAC and
nutrient starvation induced cell acidification as well as H,O,
induced alkalization in RAW 264.7 cells (Figure 40).
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Figure 33. Chemical structure of lysosome targeting hemicyanine-based fluorescent pH probe 53 and its sensing mechanism.

Figure 34. Chemical structures of lysosome targeting rhodamine-based fluorescent probe 54 and its pH-dependent structural alterations.
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Figure 35. Chemical structure of lysosome targetable FRET-based ratiometric fluorescent probe 55 and its pH-dependent structural alterations.

In the same year, Qi et al. synthesized two mitochondrial
pH probes 64 and 65 by fuzing fluorescein and coumarin
moiety.!"®! On increasing the basicity of the medium (from
pH 4 to 7.4) the color of the probes in B-R buffer changed
from colorless to pale yellow with the appearance of a new
absorption peak at 452nm as well as fluorescence change
from colorless to yellow with enhancement of fluorescence
intensity at 520nm was observed. Both the probes showed
good linear response with a fast response time of less than
1 min. The pK, values of both the probes were calculated to
be 5.84 (64) and 5.56 (65). Being a better cell permeable

probe 64 was successfully located mitochondria and moni-
tored pH change. According to the author, they successfully
used probe 64 to track lactate and pyruvate induced pH
changes in mitochondria (Figure 41).

A cyanine dye based NIR pH probe 66 was synthesized
by Chen’s group by incorporating glucosamine moiety in
the probe to enhance its tumor specifying ability and solu-
bility."”) When investigated in sodium dodecyl sulfate
(SDS) (10mM), on decreasing pH, acid induced tautomer-
ism in the probe caused enhancement of the peak at 710 nm
with lowering of band at 420-580nm in absorption spectra



and a red shift was observed in emission spectra. MTT (3-
[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)
assay showed that the probe had negligible cytotoxicity and
could selectively stain mitochondria and lysosome with
Pearson’s correlation coefficient (PCC) of 0.94 and 0.68
respectively. Importantly, staining of the lysosome after
incubation of 2 hours indicated the occurrence of mitophagy
and formation of autolysosome which was further confirmed
by fluorescence imaging of starvation induced autophagy in
probe loaded MCEF-7 cells. Moreover, blocking experiment
by using glucosamine in A549 and MCEF-7 cells and in vivo
fluorescence imaging of MCF-7, A549 and U87 tumor mice
model proved the probe’s tumor specifying ability. Lastly,
the NIR nature of the probe could make it suitable for mon-
itoring tumors and diseases related to mitophagy in the
future (Figure 42).

In 2019, a hemicyanine based pH probe 67 was reported
by Wang and coworkers for locating mitochondria and
investigating its pH change in the mitophagy process.'**! A
pH change from 6.2 to 8.0 induced a red shift in the probe’s
absorption maximum (422nm to 522nm) with a distinct
color change from yellow to red. Again, in emission spectra
the probe displayed green fluorescence at 530 nm at pH 6.2
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with quantum vyield of 0.21 and yellow fluorescence at
557nm at pH 8.0 with quantum yield of 0.32. This change
was because of protonation and deprotonation of phenolic
-OH of the probe in acid and basic medium and it was fur-
ther proved by 'H-NMR and mass spectroscopy. Optical
analysis revealed that the probe was reversible with pK,
value of 7.25 and had good selectivity over various bio-rele-
vant anions, cations, transition metal ions. Co-culturing
probe and Mito-Tracker Green FM in HelLa cells demon-
strated its mitochondria labeling property due to the pres-
ence of a lipophilic cationic hemicyanine moiety. The
nutrient deprivation-induced mitophagy was observed when
the probe was co-cultured with a commercial autophagy
tracker MDC (Dansylcadaverine) (Figure 43).

Jang and coworkers synthesized an ESIPT based pH
probe 68 by conjugating hydroxythiophene with benzothai-
zole and it exhibited a solvent dependent dual emission
character.'"®! The probe was found to have a strong fluores-
cence response in basic pH with high quantum yield and
the pK, value was 8.03. As a result, the probe showed faster
staining ability of basic organelle mitochondria when co-cul-
tured with MitoTracker red in HeLa cells with good Pearson
correlation coefficient (0.84). Moreover, the probe was

applied to monitor the basic pathogen H. pylori
R 0 (Helicobacter pylori) due to its urease activity both in the
* presence and absence of urea (Figure 44).
N?7 “NH N Based on deprotonation/protonation of amine “N” in
/—/ naphthalimide moiety, Shangguan and coworkers reported a
o O O O 0 pH probe 69 by connecting pH-sensitive naphthalimide
/_/ moiety with mitochondria targeted cyanine moiety.!"!"!
N/ \N Fluorescence study revealed that fluorescence intensity ratio
~s” (F507/F72) in presence of SDS (an anionic surfactant) and
intensity ratio (Fs3/F50) in the presence of cetyltrimethy-
R=H (56) R=CN (38) lammonium bromide (CTAB, a cationic surfactant) showed
R =NHCOCH; (57) R=NH, (59) gradual enhancement in PBS buffer on increasing pH from
4.33 to 8.46 with good linear response (within pH 7.10-8.46
Figure 36. Chemical structures of lysosome targetable pH probes 56-59. in SDS and 5.65-8.46 in CTAB). With negligible response to
Strong ICT Weak ICT
NN NN
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Figure 37. Chemical structure of lysosome targetable D-A-D ((donor-acceptor-donor) type fluorescent probe 60 and its pH-dependent structural alterations.

61 k

Figure 38. Chemical structures of lysosomal targeting rhodaminbe-based fluorescent pH probe 61 and its pH-dependent structural alterations.
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Figure 39. (A) Chemical structure of mitochondria targetable benzothiazole-baszed fluorescent probe 62 and its pH-dependent structural alterations. (B) Reversible
fluorescence ratio changes of probe 62 in presence of HCl and NH; vapors. Inset: photographic image: 62-+HCI, 62+NH;. Reprinted (adapted) with permission from

Ref. [104] Copyright (2018) American Chemical Society.
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Figure 40. Chemical structure of mitochondria targetable two-photon fluorescent probe 63 and its pH-dependent structural alterations.

various metal ions (Ca**, Mg**, Hg*", Cd**, Co’", Mn*",
Ni**, Ba**, Zn**, AP, and Fe’"), amino acids (Arg, Lys,
and His), and redox substances (Cys, GSH, H,0,, and
NAC), probe was successfully applied for quantitative meas-
urement of pH changes in the mitochondria. The probe
showed average pH of mitochondria 7.99£0.03 in normal
HeLa cells. Further investigation showed that, the probe was
successfully used to image mitochondrial acidification
induced by FCCP (carbonyl cyanide 4-trifluoromethoxy phe-
nylhydrazone), NAC and H,0, (Figure 45).

Wang et al. reported a stilbazolium based two-photon pH
probe 70 which exhibited turn-off fluorescence response in
SPEF (Single-photon excited fluorescence) at 590nm and
turn-on response in 2PEF (two-photon excited fluorescence)
on increasing acidity with pK, value of 4.82.'"'! Acid
induced protonation of the ~-OH group of the probe made a
change in molecular stacking in SPEF and caused an
increase in symmetric charge transfer in 2 PEF were respon-
sible for this spectral behavior. With high stability, quick
response time and reversible nature, the probe showed good
linearity within pH 7.0-4.50. Colocalization experiment with
Mito-tracker Red as well as STED (stimulated emission

depletion) micrograph clearly demonstrated the probe’s
mitochondria staining ability. Furthermore, two-photon con-
focal microscopy revealed that the probe could image intra-
cellular pH change in HeLa cells and target tumor cells in
mice (Figure 46).

For ratiometric tracking of mitochondrial pH, Zhuo and
coworkers utilized the merocyanine framework as a fluoro-
phore, phenolic -OH as pH responsive site and lipophilic
cationic benzyl group as mitochondria targeted unit to con-
struct pH probe 71."'?) On changing pH from 3 to 10, the
alkali induced deprotonation of the phenolic ~-OH group
caused enhancement of the absorption peak at 535nm along
with gradual decrease of peak at 435nm with an isosbestic
point at 480nm and a naked eye detectable color change
was observed from light yellow to pink red. In emission
spectra under similar conditions a ratiometric response was
observed where emission intensity ratio (Isgs/Iss;) increased
from 0.803 to 11.5 with linear response within pH 6.0-7.8.
The probe was found to be stable, biocompatible and select-
ive over metal ions, ROS and RSS with a pK, value of 6.87.
Colocalization experiment with Mito-Tracker Deep Red

revealed the probe’s mitochondria targeting ability
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Figure 41. Chemical structures of mitochondria targetable coumarin/fluorescein-fused pH probes 64 and 65 and their pH-dependent structural alterations.

(Pearson’s coefficient = 0.92) and the probe could ratiomet-
rically detect mitochondrial pH change in living SMMC-
7721 cells. Further mitochondrial acidification during
sodium selenite-induced mitophagy and L-buthionine sul-
foximine (BSO) induced cell apoptosis were successfully
monitored by the probe. Moreover, according to the author,
they did a test strip experiment by using filter paper to visu-
alize color change on different pH in the naked eye
(Figure 47).

Jiang et al. reported a benzimidazole-coumarin based
two-photon fluorescent probe 72 for monitoring mitochon-
drial pH in living cells.""*’ On increasing pH within
3.0-6.0, the probe displayed a decrease in fluorescence
intensity with a 90nm large stoke shift (max A,,,=390 nm,
max J.,,—480nm) whereas within 6.0-9.0, the reverse was
happened with stoke shift of 60 nm (max /,,;=420 nm, max
Aem=4801nm). Both at pH 3.0 and 9.0, the probe exhibited
blue-green fluorescence and it was mainly due to proton-
ation of imidazole “N” in acid and deprotonation of couma-
rin-OH in basic medium. With little response to metal ions
and amino acids, the probe showed good linear response
within the pH range of 3.36-4.98 and 6.51-8.24. The pK,
values were calculated to be 4.20 for pH 2.0-6.0 and 7.20
for pH 6.0-9.0. Moreover, mitochondria targeting ability,
mitochondrial pH change and nutrient deprivation-induced
mitochondrial acidification were successfully imaged by
probe co-culturing with MTR in HeLa cells with low toxicity
and good cell permeability (Figure 48).

By modifying hydroxyl hemicyanine with benzyl chloride,
Ma and coworkers synthesized a ratiometric NIR pH probe
73 for tracking mitochondrial pH change.''*! The probe
was found to have good mitochondria targeting ability with
negligible cytotoxicity and also had mitochondria immobiliz-
ing ability as its benzyl chloride moiety formed covalent
attachment through nucleophilic reaction with mitochon-
drial nucleophiles. On increasing pH from 4.5 to 8.5, the
probe showed a red shift (from 610nm to 694 nm) in the
absorption spectrum with a color change from blue to green.
In fluorescence spectra, the probe exhibited ratiometric
response where emission intensity at 678nm showed

decrease with increase at 714nm. A good linearity and good
reversibility were observed within pH 4.6-6.6 and 4.0-8.0,
respectively with a pK, value of 5.77. Again, in interference
study, the probe was found to be highly selective over metal
ions, anions and redox species. More interestingly, the
decrease in mitochondrial pH in both rapamycin induced
mitophagy and hypoxia induced mitophagy was successfully
monitored by the probe through fluorescence imaging in
HeLa cells. Moreover, the suitable synthetic procedure and
ratiometric nature of this probe can make it an effective tool
for monitoring the functions of mitochondria in various bio-
logical processes (Figure 49).

Another two interesting pH probes 74 and 75 were
reported by Zhang et al. for ratiometric monitoring of pH
changes by connecting hemicyanine dye with NIR rhodol
dye.""*) On increasing acidity of the medium (pH 10.2-3.6),
both the probes displayed a decrease at 535 nm with gradual
enhancement of new peaks at 609 nm (74) and 622 nm (75)
in absorption spectra. Similarly in emission spectra both the
probes showed declining fluorescence at 558nm with
enhancement of new NIR peaks at 688 nm (74) and 698 nm
(75) on excitation at 480 nm. Acid induced opening of hem-
iaminal ether led to the formation of indolenium having
long conjugation with rhodol moiety caused this change in
spectral behavior. The pK, values were determined to be
8.26 for 74 and 7.10 for 75. Probes showed good selectivity
over metal ions, anions, amino acids, reactive oxygen and
nitrogen species with good reversible response within pH 4
to 10. Mitochondria targeting ability was confirmed by co-
localization experiment with IR-780 cyanine dye and Mito
Tracker blue. FCCP induced mitochondrial acidification as
well as nutrient starvation and rapamycin induced mitoph-
agy was also successfully tracked by the probes. Moreover,
cell experiments by culturing of probes loaded HeLa cells
with K*/H" buffers at different pH values containing nigeri-
cin demonstrated the applicability of probes for ratiometric
monitoring of pH changes in living cells. Furthermore,
according to the author, probe 74 was used for in vivo
imaging of pH in D. melanogaster (Drosophila melanogaster)
first-instar larvae (Figure 50).
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Figure 42. (A) Chemical structures of mitochondria targetable NIR fluorescent probe 66 and and its pH-dependent structural alterations. (B) Fluorescence images
(in vivo) of probe 66 in the (A) MCF-7, (B) A549 and (C) U87 tumor-bearing mice model within 24 h. Reproduced/Adapted from Ref. [107] with permission from The

Royal Society of Chemistry.
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Figure 43. Chemical structures of mitochondria targetable hemicyanine-based pH probe 67 and and its pH-dependent structural alterations.



Zeng and coworkers designed a cyanine based NIR pH
probe 76 with primary amine as the pH responsive moi-
ety.""®! On increasing acidity, the probe showed gradual
enhancement in emission intensity at 670 nm as protonation
of the primary amine unit in acid medium caused revival of
NIR fluorescence by inhibiting the ICT induced green fluor-
escence of the probe. With negligible cytotoxicity and a pK,
value of 3.9, the probe successfully located mitochondria
and was applied to monitor rapamycin and EBS (Earle’s
Balanced Salt) induced autophagy in MCEF-7 cells
(Figure 51).

Xia et al. connected positively charged donor cyanine
dye with acceptor hemicyanine moiety through bi-phenyl
bridging to develop two NIR pH probes 77 and 78 for
ratiometric monitoring of mitochondrial pH.""'”!  On
changing the pH from 7.6 to 2.0, both the probes showed
ratiometric fluorescence response where cyanine donor
fluorescence (588nm for 77 and 582nm for 78) got
decrease with increase of hemicyanine acceptor fluores-
cence (740nm for 77 and 752nm for 78) upon excitation
at 520nm. Acid induced spirolactam ring opening of
acceptor moiety enables the TBET process to occur from
donor to acceptor and was responsible for this ratiometric
behavior. The pK, values for both the probes calculated
3.92(77) and 3.67(78) under donor excitation.
Electrostatic interaction between positively charged probe
and negative membrane potential of inner membrane of
the mitochondria made both the probes’ mitochondria tar-
geting with good Pearson’s correlation coefficient (0.92 for
77 and 0.93 for 78) when co-cultured with MitoView blue
in living HeLa cells. In addition, mitochondria staining
ability of probe 77 was also confirmed by FCCP induced
mitochondrial acidification. With good cell permeability,
photostability and selectivity, both the probes were
employed to detect intracellular pH change in living HeLa
cell. More importantly, probe 77 was used to monitor
nutrient starvation induced mitophagy in serum free
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Figure 44. Chemical structures of mitochondria targetable ESIPT-based fluores-
cent pH probe 68.
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medium and rapamycin induced mitophagy. In vivo imag-
ing of pH change in D. melanogaster first-instar larvae was
also done by using this probe (Figure 52).

Golgi body targetable pH probes

The Golgi body, one of the most important organelles found
in eukaryotic cells, plays vital roles in various cellular events
such as enzyme activation, processing and sorting of various
secretory proteins and lipids, lysosome degradation, cell
polarization and vesicular trafficking.''"*'?"! These cellular
functions related to Golgi body is also controlled by weakly
acidic Golgi pH (6.0 —6.7)1"**'**) and sometimes can be
highly sensitive toward pH change like for example Protein
glycosylation. So, Golgi pH misregulation can cause abnor-
mality in the Golgi apparatus and that may lead to can-
cer,[1?4] cystic fibrosis,['?! cutis laxa,['?®! and disease related
to Ca®*-pump.[®”! Therefore, it is highly necessary to moni-
tor Golgi pH accurately by using proper Golgi specific
probes which are rarely reported. Generally, phenyl sulfona-
mide and sphingosine units are used in fluorescent probes
to target the Golgi body.

For the first time, Dong and coworkers reported a Golgi
targeted fluorescence turn-on pH probe 79 designed by con-
necting the Golgi targetable sphingosine unit with a pH
responsive rhodamine moiety."**) On lowering the pH value
from 7.40 to 2.00, acid induced spirocyclic ring opening of
rhodamine moiety of the probe caused fluorescence
enhancement of more than 112-fold at 600 nm along with
the appearance of pink color and red fluorescence. The
fluorescence quantum vyield also increased from 0.004 to
0.303 with pK, value calculated to be 4.32. With good
photo-stability, reversibility and high selectivity, the probe
was found to exhibit linear response within pH 3.80-5.40.
Co-localizing experiment with commercial Golgi tracker
NBD C6-Ceramide in SMMC-7721, A549 and HIC cells dis-
played the probe’s Golgi specific nature. Further quantitative
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Figure 46. Chemical structure of mitochondria targetable stilbazolium-based
two-photon fluorescent pH probe 70.

Figure 45. Chemical structures of mitochondria targetable ratiometric fluorescent probe 69 and its pH-dependent structural alterations.
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Figure 48. Chemical structure of mitochondria targetable two-photon fluorescent probe 72 and its pH-dependent structural alterations.
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Figure 50. Chemical structures of mitochondria targetable ratiometric NIR fluorescent probes 74 and 75 and their pH-dependent structural alterations.

pH change was monitored by cell imaging study in SMMC-
7721cells with low toxicity without any significant disturb-
ance in Golgi function. Again, the treatment of bafilomycin
A1l with probe loaded SMMC-7721 cells for 5min showed a
pH increase from 6.05+0.10 to pH 7.12£0.09 and NH,Cl
induced Golgi alkalization was also investigated. Further

oxidative stress induced pH changes in Golgi were tracked
where H,0,, N-ethylmaleimide and NaClO showed an
increase in Golgi pH whereas N-acetylcysteine caused
decrease in pH. Finally, acidification of tissues due to LPS
induced inflammation was imaged by using an in wvivo
mouse model (Figure 53).



Figure 51. Chemical structure of mitochondria targetable NIR fluorescent pH
probe 76 and its sensing process.

Wang et al. reported a tricarbocyanine based ratiometric
pH probe 80, modified with Golgi targeted phenyl sulfona-
mide moiety for monitoring Golgi pH change in both pho-
toacoustic (PA) and fluorescence imaging methods.!”’
When pH increased from 5.9 to 7.7, the fluorescence inten-
sity of the probe displayed enhancement at 750 nm along
with decrease at 810 nm whereas in PA response, the peak
at 800 nm showed decrease along with negligible change of
the peak at 690 nm. With good selectivity, reversibility and
photo-stability, the probe was found to be Golgi targeted
with a correlation coefficient of 0.97 when co-localised with
Golgi-Tracker Red. Furthermore, cell experiments showed
that Monensin induced Golgi oxidative stress led to increase
Golgi pH. The decrease of pH due to LPS induced abdom-
inal inflammation in mice was also monitored by both fluor-
escence and PA mode. Again, melanoma containing mice
was used to monitor pH of tumor tissue by using PA mode.
Finally, by using the probe, it was found that transmem-
brane protein 165 was a Golgi located H" transporter and
its deficiency severely affected Golgi pH homeostasis
(Figure 54).

Endoplasmic reticulum targetable pH probes

Being one of the important organelles of the secretory path-
way, endoplasmic reticulum (ER) plays crucial roles in cal-
cium homeostasis, synthesis and folding of lipids, sorting
and targeting of proteins as well as lipids during secretion,
detoxifications."**"'**) These cellular events are regulated
accurately under the influence of weakly basic pH (7.2+0.2)
of ER and slight fluctuation can cause disturbance in
enzyme activities, intracellular Ca®" balance, sorting and
distributing process of proteins etc.!"**'**! Again, abnormal
functions of ER can induce ER stress which may lead to
autophagy and that condition is linked with various diseases
like infectious diseases, neurodegeneration, cancer, insulin
resistance, obesity and diabetes.['**138] S0, real time moni-
toring of ER stress is essential by investigating ER pH
change in living cells for early diagnosis of ER related dis-
eases. p-toluene sulfonamide is used as an ER targeting unit
in fluorescent probes reported so far.

In 2018, Xiao et al. synthesized a pH probe 81 which
contained pH responsive piperazine unit, ER (endoplasmic
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reticulum) targeting 4-methyl benzene sulfonamide moiety,
thiol sensitive benzyl chloride unit and 1,8-naphthalimide as
fluorophore for monitoring pH fluctuation of ER during
stress."*) When pH was changed from 9.5 to 2.5, the probe
showed turn on fluorescence with enhancement of emission
intensity at 528 nm due to protonation induced blocking of
the PET process. The probe also exhibited good linear
response within pH 4.0-5.0. The probe was found to be
photo-stable and selective in presence of metal ions, reactive
oxygen species (ROS), thiols and the pK, value was 4.58.
Colocalization experiment with ER-Tracker Red in probe
loaded HeLa cell demonstrated the probe’s ER targeting abil-
ity. Furthermore, tunicamycin and thapsigargin induced ER
acidification under stress was successfully monitored by the
probe. Again, as thapsigargin increases cytoplasmic calcium
ion as well as decreases ER pH by blocking Ca*"-ATPase,
both the phenomenon was investigated in HepG2 cells by
using the probe 81 and Fluo-3 AM, a calcium ion sensor.
Moreover, they did in vivo imaging of pH variation in
zebrafish and abdominal tissues of living mice by using two-
photon fluorescence microscopy (Figure 55).

Lin and coworkers designed a two-photon pH probe 82
by modifying naphthalimide fluorophore with pH responsive
piperazine unit and ER targeting 4-methylbenzenesulfona-
mide moiety.!"*”! The probe exhibited enhancement of green
fluorescence at 531 nm when pH was changed from 10.0 to
4.0 and that was mainly due to inhibition of the PET effect
on protonation of piperazine “N” of the probe in acid
medium. With good selectivity and low toxicity, the probe
was found to be ER targeted (correlation coefficient 0.90)
when co-cultured with ER tracker. Furthermore, cell experi-
ment with probe loaded HepG2 cells showed that tunicamy-
cin induced ER stress caused ER acidification. Again, the
probe was applied to monitor pH change in living tissue
and zebrafish by using two-photon fluorescence imaging
(Figure 56).

By connecting naphthalimide fluorophore with coumarin
moiety, for the first time, Lin and coworkers synthesized a
triple sensing mechanism (ICT-PET-FRET) based ER tar-
geted pH probe 83 in which both morpholine unit and
hydroxyl group of coumarin moiety acted as pH responsive
sites whereas p-toluenesulfonamide used as an ER anchoring
unit."*"" On increasing pH (from 4.09 to 8.99), the probe
displayed ratiometric response where emission intensity ratio
(I446/1557) showed about 50-fold change within pH (5.03 to
7.26) and this change was governed by ICT, PET and FRET
mechanisms.With negligible cytotoxicity under 10uM, the
probe was found to be ER targeted when co-localised with
ER-Tracker Red. Additionally, the probe was used for quan-
titative measurement of pH change in dexamethanose
treated living HeLa cells as well as during Hcy (homocyst-
eine) and tunicamycin induced ER stress. Moreover, pH
probes with more than one response site and sensing mech-
anisms are highly desirable for quantitative measurement of
small pH fluctuations in ER (Figure 57).
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Figure 52. Chemical structures of mitochondria targetable ratiometric NIR fluorescent pH probes 77 and 78 and their pH-dependent structural alterations.
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Figure 53. Chemical structure of golgi body targetable rhodamine-based pH probe 79 and its pH-dependent structural alterations.

pH probes used in nonspecific cell imaging

In this section we will discuss pH probes (84 to 109) which
are not specific to any organelles but only used for intracel-
lular pH monitoring and in vivo imaging.

By connecting the donor TPE moiety with the acceptor
cyanine moiety Fang et al. reported a fluorescent cassette 84
which exhibited strong fluorescence response in acidic con-
ditions (pH 5.0) due to its AIE property with 484nm of
large pseudo-Stoke’s shift. TBET, operated from donor to
acceptor, was responsible for this spectral response.!**
However, significant quenching of fluorescence was observed
on changing pH from 5.0 to 10.7 and that was due to loss
of energy for ether bond rotation between donor and
acceptor as well as less aggregation of cassette due to repul-
sion among negatively charged phenolate ions of TPE moi-
ety. Further, the fluorescent cassette was used to monitor
oxidative stress induced intracellular pH variation in living
HeLa cells caused by hydrogen peroxide and N-ethylmalei-
mide (NEM) (Figure 58).

By introducing HBT [2-(2'-hydroxyphenyl) benzothia-
zole] into the BODIPY moiety, Cao et al. synthesized a
ratiometric pH probe 85 which exhibited strong solid-state
emission at 607 nm."**) On increasing the pH from 4.5 to
9.8 in PBS buffer / DMSO (v/v=1:9), enhancement of ICT
due to alkali induced deprotonation of the phenolic ~-OH

group of the probe caused a red shift in absorption spectra
(352 nm to 357 nm) with increase of new peak at 425nm. A
naked eye detectable color change was observed from lemon
to orange. Under the same conditions, the fluorescence
intensity ratio (Is,s/l4gs) showed a decrease (12.29 to 1.02)
with the change of fluorescence from bright green to black-
ish green. With pK, value of 7.32, the probe was found to
be selective, reversible and displayed a linear relationship
within pH 6.8 to 8.5. Moreover, probe 85 was applied to
detect pH change in living HeLa cells with low toxicity
(Figure 59).

For fluorometric monitoring of pH changes in living
cells, Qiu and coworkers synthesized a probe 86 having dual
pH responsive sites by connecting rhodamine and biphenyl-
carbonitrile moiety."**! The probe was found to be colorless
and non-fluorescent in neutral medium but on lowering pH
from 7.0 to 2.0, acid induced spirolactam ring opening
caused three absorption bands at 277nm, 295nm and
558 nm along with visible pink color as well as a strong red
emission peak at 590nm. Again, when the medium was
changed from neutral to alkaline (pH 7 to 12), strong ICT
due to formation of phenoxide ion caused enhancement of a
new absorption peak at 358 nm with visible bright yellow
color. A new emission peak at 558 nm was also evolved with
yellow-green emission increased with increasing pH. In both
spectra the probe displayed good linear response within pH
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Figure 54. Chemical structure of Golgi targetable pH probe 80 and its pH-
dependent structural alterations.
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Figure 55. Chemical structure of endoplasmic reticulum targetable fluorescent
probe 81 and its sensing process.

2-7 and 8-12. With good reversibility, the probe was found
to be selective over various cations and anions except Cu’"
ion which induced a strong peak at 558 nm in absorption

spectra with color change of solution but did not induce
any fluorescence emission. This was mainly due to co-ordin-
ation of Cu®>" to form [86-Cu®"] complex which leads to
opening of the spirolactam ring. The probe was used to
monitor intracellular pH change in living HepG2 cells with
low cytotoxicity (Figure 60).

Zhang’s group modified pyrene to synthesize probe 87
for colorimetric and fluorometric detection of pH changes
in living cells and bacteria.!'**) Accompanied with the pH
decrease from 6.71 to 1.62, the fluorescence emission
showed a decrease at 515nm with 145nm of large stoke
shift and the pK, value was found to be 2.98. In acid
medium, N atoms of the naphthyridine group got proto-
nated and caused this spectral change with a naked eye
detectable appearance of yellow color and the yellow fluores-
cence got turned off. The sensing mechanism was confirmed
by 'H-NMR and DFT, TD-DFT studies. With good photo-
stability, reversibility and selectivity, the probe displayed
good linearity within pH 2.43-3.71. Further, the probe was
applied for monitoring intracellular pH change in living
A549 cells and the strong acidic environment in E. coli bac-
teria (Figure 61).

Georgiev et al. reported a perylenediimide based pH
probe 88 having good water solubility with piperazine unit
acting as an H' receptor."*®! Protonation of piperazine “N”
of the probe in acid medium blocked the PET process and
that caused enhancement of emission intensity at 550 nm
with an increase in quantum yield from 0.003 to 0.11. The
Interference study showed that the probe was selective over
various transition metal ions and anions except Cu*" and
Hg>™ which quenched the fluorescence intensity strongly
and the pK, value was calculated to be 6.35+0.02. The
probe was found to be cell permeable only at a probe con-
centration of 1.3 uM and exhibited nontoxic nature within a
wide range of concentration (330uM to 1.3 uM) when
examined in living 1929 cells (Figure 62).

Liu et al. reported another ratiometric pH probe 89 based
on quinolone by introducing a polyether chain to increase
the probe’s water solubility."*”! On increasing basicity (4.50
to 9.0) in Na,HPO,-citrate buffer, acid induced protonation-
activable resonance charge transfer (PARCT) process
occurred from methoxy group to quinolinic nitrogen got
diminished and that caused a large hypsochromic shift of
57nm in emission spectra with linear response within pH
range of 6.35-8.00. The emission intensity ratio (Is3;/Isgg)
increased from 0.30 to 1.36 and the pK, value was calculated
to be 7.18. The probe was found to accumulate in cytoplasm
with low toxicity and was able to monitor intracellular pH
change ratiometrically in NIH 3T3 cells (Figure 63).

Wang et al. reported a benzothio-pyrylium pentamethine
cyanine 90 which exhibited stable absorption and emission
peak in NIR-II region with high brightness and photostabil-
ity including anti-quenching property in aqueous solu-
tion."* On lowering pH from 5 to 0, acid induced
protonation of the diethylamino unit of the probe led to a
blue shift in emission spectra (1065nm to 980 nm) and the
optimal sensitive range of pH was found to be 1-4.
Moreover, with pK, values of 0.29 and 3.81, the probe was
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Figure 56. Chemical structure of endoplasmic reticulum targetable two-photon
fluorescent probe 82 and its pH-dependent structural alterations.
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successfully employed in in vivo imaging of gastric pH in
mice with favorable imaging ability of about 4mm deep tis-
sue (Figure 64).

Based on the design strategy of “cycle reversible ICT,”
Jiang et al. reported a spiropyran derivative 91 as a pH
probe."*”! On irradiation under UV light, the probe exhib-
ited turn-on yellow fluorescence at 595nm with its struc-
tural change from non-fluorescent spiropyran form to
fluorescent hemicyanine form. On decreasing acidity (pH
7.53 to 8.46), deprotonation of phenolic ~-OH group enabled
the appearance of a new red emission peak at 664 nm and
on decreasing pH (7.32 to 3.87), protonation of the imide
group of the probe induced a new green emission peak at
563 nm with decrease of yellow emissive peak at 595 nm in
both the case. With a detection limit of 0.028 of pH change,
the probe was found to be selective, photostable and could
track intracellular pH change induced by UV-light during
programmed cell death (Figure 65).

Lin and coworkers reported two 2-(2'-hydroxyphenyl)-
benzothiazole (HBT) based ratiometric pH probes 92 and
93.1°%1 Alkali induced deprotonation of phenolic -OH
enabled ESIPT and that caused ratiometric fluorescence
change in emission spectra of both the probes on increasing
pH from 3.0 to 9.0. For better ratiometric response, probe
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Figure 57. Chemical structure of endoplasmic reticulum targetable ratiometric fluorescent probe 83 and its pH-dependent structural alterations.
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Figure 58. Chemical structure of cyanine-based fluorescent pH probe 84 and its pH-dependent structural alterations.

Figure 59. Chemical structures of pH probe 85 and its pH-dependent structural alterations.

820,
\

-
H+
pH=7.0 / N)

Non fluorescence \ "
OH

) pH=3.0 N

String red-fluorescence

pH=11.0

Strong yellow-green
fluorescence

Figure 60. Chemical structure of rhodamine-based fluorescent pH probe 86 and its sensing processes.

Figure 61. Chemical structures of pyrene-based fluorescent and colorimetric
pH probe 87 and its pH-dependent structural alterations.

92 was applied to monitor intracellular pH change as well as
NH,Cl induced intracellular pH enhancement in living
A549 cells. Further pH change in living tissues was also
ratiometrically investigated by probe 92 (Figure 66).

By incorporating cationic benzoyl hydrazine with electron
withdrawing bromine group in to the cyanine moiety, Mai
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Figure 62. Chemical structure of perylene-3,4,9,10-tetracarboxylic diimide (PDI)-based fluorescent pH probe 88 and its pH-dependent structural alterations.
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Figure 63. Chemical structures of quinoline-based ratiometric fluorescent pH
probe 89.

et al. developed a NIR pH probe 94 for monitoring gradual
alkalization of chronic wounds during its delayed healing
process.'*! With a pK, value of 8.01, the probe exhibited
about 76.9% fluorescence decrease with increasing pH from
7.0 to 9.0 in living Ewing’s sarcoma cells and that was
mainly due to deprotonation of acylhydrazine unit in alka-
line pH. More importantly, the probe was successfully
employed to visualize alkalization of chronic wounds in a
diabetes-impaired mouse model and uneven pH distribution
of wound areas was also observed during wound develop-
ment. Thus, NIR pH probes with proper alkaline pK, values
are much more desirable for chronic wound monitoring and
should be studied in the future (Figure 67).

Three cyanine based NIR pH probes 95, 96 and 97 were
designed by Chen and coworkers.'®? With increasing

acidity (pH = 11.0 to 2.0), the NIR emission intensity
increased gradually at 805nm along with a naked eye not-
able color change of the probe’s solution from pink to pur-
ple to green and that was mainly due to protonation
induced enhancement of ICT process. The good linear
responses were observed within 2.76-4.01(95), 3.65-4.70(96),
4.59-6.45(97) and the pK, values were determined to be
3.45(95), 4.05(96), 5.52(97). The probes 96 and 97 were
found to be distributed in cytoplasm and could monitor
intracellular pH variation in SCC-7 cells (Figure 68).

Wong’s group reported a pH probe 98 having an electron
donor naphthol moiety and an electron acceptor benzothia-
zole moiety for ratiometric monitoring of intracellular pH
fluctuation.** On lowering the pH from 11.50 to 4.00, the
emission peak at 526 nm declined with enhancement of a
new peak at 456nm as well as fluorescence color changed
from green to aqua-marine. With large stoke shifts (141 at
pH 11.50 and 125 at pH 4.0) and high quantum yield
(®=0.88 in DMSO and 0.61 in water), the probe displayed
linear response within pH 9.50-7.00 with a pK, value of
7.91£0.03. Further, the emission intensity ratio (Is6/Isze)
showed 7.6-fold enhancement with good selectivity, revers-
ibility and photostability. Intracellular pH variation, NH,Cl
induced pH increase and H,O, induced pH decrease in
HeLa cells were ratiometrically monitored by the probe with
good cell permeability and low cytotoxicity (Figure 69).
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Figure 64. Chemical structures of NIR-Il based fluorescent pH probe 90 and its pH-dependent structural alterations.

Zhu et al. designed three ESIPT based pH probes 99, 100
and 101 by conjugating benzothiazole and spiropyrans.!***!
Probe 99 displayed turn on fluorescence response with 36-
fold fluorescence enhancement at 640 nm on decreasing the
pH from 12.00 to 2.00. On a similar pH change, probe 100
and 101 exhibited ratiometric responses where fluorescence
intensity at 520nm and 525nm decreased along with an
increase at 640nm and 675nm respectively. This spectral
change was attributed to acid induced ring opening of the
spiro form of all the probes enabled ESIPT. The pK, values
of three probes 99, 100 and 101 were 6.57, 4.90, and 3.95
respectively. In addition, probe 100 was successfully
employed in intracellular pH monitoring in living HeLa cells
with low toxicity (Figure 70).

Yin et al. reported a phenanthro [9, 10-d]imidazole-based
pH probe 102 which showed weak fluorescence at 420 nm at
pH 8.50 when investigated in water/EtOH solution (v/v,
1:1).1°°) On lowering pH from 8.50 to 6.05 it displayed
turn-on fluorescence response with an 8-fold increase in
emission intensity and the quantum yield also enhanced
from 0.114 to 0.818. This was mainly due to inhibition of
the PET effect resulting from acid induced protonation of
pyridine “N” of the probe. The pK, value of the probe was
6.89. The probe exhibited good linear response within pH
6.24-8.56 and reversible response within pH 5.50-9.50 with
good selectivity over various ions except Cu" ions. Hence,
according to the author, the probe also detected Cu*" ions
with turn-on response and the LOD was 37.69 nM. More

importantly, the probe was used for intracellular pH moni-
toring in living HeLa cells (Figure 71).

pH probes based on BOPYIN (Borondifluoride-3,3-
dimethyl-2-[2-(2-pyrrolyl) ethenyl] indole) derivatives for
monitoring strong acidic conditions are hardly available in
the literature. As a result, Zhang and colleagues developed a
BOPYIN-based fluorescence turn-on pH probe 103 for
acidic pH determination."*®! On increasing acidity (pH =
2.47-5.01) acid induced protonation of primary amine in
the probe inhibited the PET process and that caused turn-
on fluorescence enhancement with naked eye detectable
color change from orange to lemon and linearity was
observed within pH 3.0 to 5.5. The probe was found to be
reversible, selective over various metal ions (Cr’*, Mg*",
Na®, K*, zn**, Cu®*, Co**, Fe*' and AI’") with a quick
response time of 10sec. With a pK, value of 3.63, the probe
was applied to visualize pH change fluorometrically with a
paper strip and to monitor intracellular acidic pH variation
in T24 cells (Figure 72).

Mohamed et al. reported a xanthene-based pH probe 104
which showed a selective colorimetric change (colorless to
reddish) and turn-on fluorometric response in alkaline
medium due to alkali induced opening of spirolactam ring
of the probe."®”) At pH 9.7, the probe showed strong emis-
sion at 529nm and color change was observed along with
the red shift of its absorption spectra from 330nm to
509 nm. Two pK, values of the probe calculated by the
fluorometric method were 8.72 and 10.73. Furthermore, the
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Figure 65. Chemical structure of ‘cycle reversible ICT'-based pH probe 91 and its pH-dependent structural alterations.
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Figure 66. Chemical structures of ESIPT-based ratiometric fluorescent pH
probes 92 and 93.

probe was used to detect living E. coli bacteria through con-
focal fluorescence microscopy (Figure 73).

Perez-Inestrosa and coworkers reported two indolenine-
based two photon pH probes 105 and 106.°% With pK,
values of 3.61 (105) and 3.65 (106) both the probes exhib-
ited turn-on fluorescence response in acidic pH accompa-
nied by red shift in both absorption and emission spectra as
a result of enhanced ICT due to protonation of indole “N.”
Probes also showed good linear response within pH
2.50-4.50 with reversibility, photostability and good selectiv-
ity over metal jons. Furthermore, both the probes were
applied to image pH fluctuation in MEF cells with lyso
tracker where probe 105 was found to be cytoplasm specific

and probe 106 was lysosome specific with low cytotoxicity
(Figure 74).

Recently, He et al. have reported a spiropyran based
ratiometric and colorimetric pH probe 107 to monitor pH
change by using a FRET sensing mechanism which was due
to H" induced structural change from closed spiropyran to
open merocyanine form.["**! On decreasing the pH from
7.21 to 1.68, the probe exhibited red-shift both in absorption
spectra (35nm) and emission spectra (104nm) with color
change from green to yellow as well as fluorescence change
from green to red with 10.2-fold fluorescence enhancement.
The probe also showed good linearity between pH 4.0 to 6.0
and the pK, value was found to be 4.87. The probe also
exhibited good reversibility, stability and selectivity as no
significant interference was observed on pH monitoring by
common ions. Having good cell permeability and negligible
cytotoxicity, the probe was successfully used to monitor pH
changes in living cells, Zebrafish and bacteria (Figure 75).

Haldar et al. reported a BODIPY-based pH probe 108
which was prepared by the RAFT (reversible-addition frag-
mentation chain transfer) polymerization process.'®! The
probe showed excellent water solubility and stability. On
changing the pH from 9.0 to 1.5, this weakly emissive poly-
meric sensor displayed enhancement in emission intensity
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Figure 69. Chemical structure of ratiometric fluorescent pH probe 98 and its pH-dependent structural alterations.
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Figure 70. Chemical structure of ESPIT-based fluorescent pH probes 99-101.
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Figure 71. Chemical structure of phenanthro[9,10-d]imidazole-based fluores-
cent pH probe 102.
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Figure 72. Chemical structure of BOPYIN-based fluorescent pH probe 103 and
its sensing mechanisms.
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with strong green fluorescence at 512nm along with an
increase in quantum yield from 0.017 to 0.41. This was due
to inhibition of PET from amine to BODIPY moiety on
protonation of amine in an acidic medium and was investi-
gated through DFT and TDDFT studies. The probe was
found to be reversible, photo-stable with pK, value of 3.48
and showed good selectivity as various bioactive metal ions,
BSA (bovine serum albumin) did not interfere in pH sens-
ing. The probe was used to image acidic pH in breast cancer
cells and E. coli bacteria. Furthermore, according to the
author, the probe was used in paper strips to detect acid
and ammonia vapor. Compared to small-molecule fluores-
cent probes, this kind of water-soluble polymeric pH probe
selectively working in harsh acidic conditions is much more
desirable for biological applications (Figure 76).

He et al. reported a FRET based pH probe 109 by con-
necting rhodamine as an electron acceptor and hydroxy-
naphthaldehyde as an electron donor.'®) On increasing
acidity (from pH 7.5 to 2), acid induced opening of

101

spirolactam ring caused FRET to occur in the probe and as
a result, a naked eye detectable colorimetric change (green
to pink) as well as ratiometric fluorescence change (green to
red) was observed. The pK, value was found to be 5.05.
Furthermore, with good selectivity, reversibility and biocom-
patibility, the probe was applied for ratiometric imaging of
pH change in living hPDLCs cells, P. aeruginosa bacteria
and in zebrafish (Figure 77).

pH probes without cell imaging

In this section, the probes (110 to 121) which were not used
in bioimaging will be discussed with their designing strat-
egies, sensing mechanisms and environmental applications.
Yang et al. have reported a NIR ratiometric probe 110
containing D-m-A system dicyanomethylene-4H-pyran for
monitoring pH through the ICT process."®*) On increasing
the pH from 7.15 to 11.00 in C,HsOH-H,0 (6:4, v/v), the
probe exhibited a decrease both in absorption peak at
450nm and in emission peak at 574nm along with an
increase in absorption peak at 550 nm and in emission peak
at 692 nm with naked eye detectable color change from yel-
low to purple. This spectral change was due to strong ICT
from deprotonated phenoxide moiety on alkaline medium.
The pK, value determined from fluorometric titration was
7.21. Moreover, enhancement in fluorescence intensity ratio
(Iso2/Is74) made the pH monitoring ratiometric and large
stoke shifts helped to reach the NIR region (Figure 78).
Fluorescent probes based on isolongifolanone, which can
be synthesized from natural turpentine, are rarely reported.
In order to investigate the use of natural turpentine, Wang
et al. synthesized two isolongifolanone-based pH probes,
111 and 112, by incorporating N, N-dimethylaniline as an
electron donating moiety and pyrazole (111), and pyrimi-
dine (112) as electron withdrawing moieties for monitoring
acidic pH in both solid and solution states."®>) On lowering
pH from 7.0 to 1.0, the fluorescence spectra of probe 111
showed quenching of the peak at 373nm and a new peak
emerged at 445nm with the dark blue color changed to
bright blue. This ratiometric response (I445/I5,3) with a large
stoke shift of 120nm displayed a good linear relationship
within pH 1.5-4.0 and the pK, value was calculated to be
2.59. Under similar conditions, the emission peak at 434 nm
of probe 112 exhibited gradual quenching with stoke shift of
134nm and a good linear response was observed within pH
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Figure 73. Chemical structure of pH probe 104 and its pH-dependent structural alterations.
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Figure 74. Chemical structure of two-photon fluorescent pH probes 105 and 106.

3.5-7.0. The pK, value of probe 112 was 3.69. Acid induced
pyrazole “N” protonation caused ICT emission in probe 111
and protonation of pyrimidine “N” caused fluorescence
quenching in probe 112. With good reversibility, quick
response time and selectivity over various transition metal
ions, the probes were successfully applied to detect acidic
environment fluorometrically in the presence of solid TsOH
and gaseous TFA. Finally, these kinds of fluorescent probes
should be more studied to explore natural resources vastly
(Figure 79).

In 2018, Hwang et al. reported a phenanthrene derivative
based probe 113 for monitoring basic pH as well as Zn*"

and Cu*™0' Op increasing pH in DMSO/buffer (3:2),
phenolic-OH deprotonation of the probe caused quenching
of blue emission at 475nm after pH 9 with a pK, value of
9.75. The probe also successfully detected Zn>" and Cu®"
with LOD of 0.43 uM and 0.18 uM, respectively (Figure 80).
High sensitivity and rapid proton transfer in acid-base
equilibrium are two essential criteria for pH probes. Keeping
this in mind, Yuan et al. connected the pyridine moiety
with N-heterocyclic Troger’s base by using Heck coupling to
form a fluorescence turn-off pH probe 114 having a large
stoke shift of 121 nm.!"®*) On increasing acidity, the probe’s
ICT induced blue emission at 460 nm gradually quenched in
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Figure 75. (A) Chemical structure of spiropyran-based fluorescent pH probe 107 and its pH-dependent structural alterations. (B) Confocal fluorescence imaging of
zebrafish treated with probe 107 (5uM) for 20 min at different pH. The wavelength of excitation was adjusted to 480 nm. Excitation wavelengths of 488 and
515nm, as well as band-path emission filters of 500-600 nm and 600-700 nm, were used to capture the photos. Reprinted from Ref. [159] Copyright (2020), with

permission from Elsevier.

the DMSO solution. Under similar conditions, a new
absorption peak at 390nm emerged with lowering of the
peak at 340 nm having an isosbestic point at 356 nm and the
color of the solution changed from colorless to yellow. This
spectral change was due to protonation of pyridine “N” of
the probe and it was confirmed by 'H NMR and

theoretical study. Furthermore, the probe exhibited good
stability and selectivity toward pH over various metal ions
(Figure 81).

Similarly, Li et al. synthesized two fluorescence turn-off
pH probes 115 and 116 by linking indole derivatives with
Troger’s base.!'® On lowering pH from 7.01 to 2.07 in
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Figure 77. Chemical structure of rhodamine-based ratiometric fluorescent pH probe 109 and its pH-dependent structural alterations.
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Figure 78. Chemical structure of ratiometric NIR fluorescent pH probe 110 and
its pH-dependent structural alterations.

DMSO/H,0 (4/1, v/v), the probe 115 exhibited quenching
of ICT based brilliant yellow fluorescence at 517 nm with a
pK., value of 2.94. In absorption spectra, the peak at 389 nm
displayed a gradual decrease with the appearance of a new
peak at 458 nm having an isosbestic point at 415nm and the
pale-yellow color of the probe’s solution changed to saffron
yellow. Similarly, on decreasing the pH from 7.01 to 1.96,
the probe 116 showed quenching of ICT induced yellow-
green emission at 503 nm with a pK, value of 3.05 and the
absorption peak at 370nm gradually decreased with a new
peak appeared at 430nm having an isosbestic point at

397 nm. The colorless solution of probe 116 changed to yel-
low. '"H NMR and theoretical study revealed that acid
induced protonation of indole “N” was responsible for this
spectral change. Moreover, the probe was found to be
reversible, photostable and selective toward pH change
(Figure 82).

Ye et al. synthesized a perylene based pH probe 117 by
using a simple Schiff-base condensation reaction.®”) The
probe exhibited gradual enhancement in fluorescence inten-
sity at 555nm on decreasing the pH from 4.0 to 2.6 in
DMF/HEPES (v/v, 4/1) medium and showed a color
change from colorless to yellow which made the probe a
naked eye detector of pH. This was mainly due to the PET
off mechanism on protonation of the imine N atom of the
probe which was confirmed by '"H NMR. The pK, value
was found to be 3.0, which made the probe responsive to
an acidic environment. Moreover, the probe was found to
have good reversibility, excellent photo-stability and no sig-
nificant interference was observed by competitive ions
(Figure 83).

In 2019, Georgeiv et al. synthesized a probe 118 by link-
ing H" sensitive piperazine moiety with 4-amido-1, 8-
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Figure 79. Chemical structures of isolongifolanone derivatives based fluorescent pH probes 111 and 112 and its pH-dependent structural alterations.
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Figure 80. Chemical structure of phenanthre derivative based pH probe 113.

naphthalimide for tracking pH change and water content
through excimer-monomer emission in organic solvent.!'®®
When investigated in water/acetonitrile solution (1:1, v/v),
absorption and emission intensity did not show any signifi-
cant change on changing the pH from 12 to 9 but on fur-
ther lowering of pH from 9 to 4 the piperazine “N” of the
probe got protonated and caused repulsion induced destabil-
ization of excimer complex which led to decrease of excimer
emission at 560nm accompanied with enhancement of
monomer ICT emission at 460 nm. The pK, value was found
to be 6.76 £0.05. Again, when pH was changed from 4 to 2
the probe exhibited enhancement of monomer emission at
460nm as protonation of both “N” of piperazine unit
quenched the PET process and the pK, value was calculated
to be 2.88+0.07. Furthermore, with good selectivity over
various transition metal ions and anions, the probe was able
to determine water content with limit of detection (LOD) of
1%. Moreover, this rarely reported excimer-monomer
switching mechanism based fluorescent pH probes need to
be studied more in near future (Figure 84).

For colourimetric and turn-off fluorometric monitoring
of both Cu*" and alkaline pH, a pyrrolinone esters hydra-
zone dye-based probe 119 was designed by Kamel’s group
in 2019.'°) On increasing pH, the absorption band at
484 nm gradually decreased and a new band started emerg-
ing at 572 nm after pH 7 with a color change from yellow to
bluish. The emission intensity at 562 nm was also gradually
lowered and completely quenched at pH 10 and the pK,
value calculated from emission titration was 8.58+0.02.
Tautomerization in the hydrazone unit with phenolic ~-OH
deprotonation in alkali medium was the sensing mechanism

of the probe. Interestingly, the probe loaded test strip was
prepared for monitoring ammonia solution colourimetrically
with good reversible nature. Furthermore, along with alka-
line pH, the probe successfully detected Cu** ion with a
detection limit of 0.63 uM (Figure 85).

To monitor wide range of pH change (1-13) in aqueous
solution, a dansyl based pH probe 120 was reported by
Wang et al. in 2019."'7%) The probe exhibited weak blue
fluorescence within the pH range of 1-4 due to protonation
of dimethylamine group, strong yellow emission within the
pH range 4-10 due to deprotonation of protonated dime-
thylamine group and carboxylic group as well as strong
green emission within pH 11-13 due to deprotonation of
sulfonamide group. In UV-Vis spectra, the probe exhibit a
absorption band at 288nm at pH 1.04 and 1.88 but it
showed decrease at 288nm with appearance of two new
peak at 247 nm and 328 nm at > pH 4 up to 10.25 and after
that a new peak appeared at 311 nm with disappearance of
peaks at 247nm and 328 nm. Negligible interference was
observed when investigated in presence of other competitive
ions and the probe also showed good reversibility
(Figure 86).

Roy and coworkers synthesized a Schiff base pH probe
121 by using aminoquinoline moiety.'”") Alkali induced
deprotonation of phenolic ~-OH caused enhancement of a
new absorption peak at 435nm with a decrease of peak at
335nm which was finally shifted to 326 nm on increasing
pH from 2.0 to 11.0. The peak at 530 nm in emission spectra
also displayed enhancement with an increase in quantum
yield from 0.0001 to 0.057 and the pK, value was 7.12. A
naked eye detectable color change from colorless to yellow
and indigo to green were observed under visible light and
UV-lamp respectively. The probe was found to be stable,
selective and was successfully used to detect acidic lemon
juice and alkaline river water (Figure 87 and Table 1).

Conclusion and perspective

In this review, we have discussed recent development
(2018-2020) of fluorogenic chemosensors for pH detection
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Figure 81. Chemical structure of Troger's base derivative-based fluorescent “turn-off” pH probe 114 and its pH-dependent structural alterations.
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Figure 82. Chemical structures of Troger’s base derivative-based fluorescent pH
probes 115 and 116.

and monitoring. Herein, main focus was given to their
designing strategies, sensing mechanisms and especially on
their biological and environmental applications. We catego-
rized these pH probes into seven types based on their appli-
cations such as 1) Accurate localization of cancer cells in the
living body are essential for diagnosis and treatment of can-
cer. In recent years fluorogenic pH probes attract a great
deal of attention to precisely locate cancer cells depending
on their different pH from normal cells. Among chemosen-
sors 1 to 6, probe 2 showed ratiometric response and all
other probes displayed turn-on responses toward pH in can-
cer cell discrimination process. To precise and accurate
measurement of pH change in subcellular organelles
researchers mainly focused on developing organelle targeted
pH probes in recent times. 2) During the past decade lyso-
some-targetable pH sensors were the most studied pH
probes and hold major attention due to their broad bio-
logical applications. Heat shock induced lysosomal pH
change, various Drug (NAC, NH,C], chloroquine, H,O,, N-
ethylmaleimide, Baf-Al, dexamethasone and artesunate)
induced lysosomal pH change, starvation induced autoph-
agy, LPS induced inflammation, drug induced mitophagy
condition, drug (L-buthioninesulfoximine, dexamethasone,
cis-platinum) induced cell apoptosis, pH of cancerous tissues
and cells, in vivo imaging and bacterial pH monitoring were
studied by wusing lysosome specific pH probes. 3)
Mitochondria specific pH probes are the most reported
probes after lysosome among organelle targeted pH probes.

:
— |

A

NH
Z®

These are applied in various cellular events like drug (NAC,
H,0,, FCCP, lactate and pyruvate) induced mitochondrial
pH change, Mitophagy induced by nutrient deprivation as
well as sodium selenite, rapamycin and hypoxia, BSO
induced cell apoptosis, urease activity in basic pathogen H.
pylori, in vivo imaging in D. melanogaster first-instar larvae
as well as in tumor mice. 4) Golgi and ER targeted pH
probes were rarely reported and we discussed two Golgi
probes (79 and 80) and three ER probes (81, 82 and 83) in
this review. Probe 79 showed turn-on response and probe
80 showed ratiometric response toward pH change with
their various applications such as Monensin induced Golgi
oxidative stress, bafilomycin Al and NH,Cl induced Golgi
alkalization, LPS induced abdominal inflammation in mice,
function of transmembrane protein 165 including in vivo
imaging. 5) ER pH probes were mainly applied to track ER
acidification under stress (induced by tunicamycin and thap-
sigargin) and in vivo imaging in Zebrafish and mice where
probes 8land 82 exhibited turn-on response and probe 83
exhibited ratiometric response toward pH change. 6) In the
next section, we discussed various pH probes used in non-
specific intracellular pH monitoring including pH change in
tissues, bacteria and Zebrafish. Among these probes, probe
94 was used to monitor alkalization of chronic wounds in
diabetic mice, probe 90 was used in in vivo imaging of gas-
tric pH in mice tissues and probe 91 was utilized in intracel-
lular pH  determination during UV-light induced
programmed cell death. 7) pH probes which were only
applied in environmental applications like to check the pH
of alkaline river water, detect acid-base solution and vapors
by using test strips are discussed in this section. Although
these probes do not possess wide applications but we intro-
duce it to explore the scope of their designing strategies and
sensing mechanisms.

Almost all of these reported pH probes determine pH by
acid-base neutralization process (protonation-deprotonation)
of phenolic ~-OH and amine containing groups with various
sensing mechanisms like ICT, PET, TBET, FRET, AIE,
ESIPT, RIR, PARCT and excimer-monomer complex. A
wide range of fluorophores like tetraphenylethene (TPE),
coumarin, naphthalimide, cyanine- and hemicyanine, boron
dipyrromethene (BODIPY), rhodamine, fluorescein, spiro-
pyran were used to design main framework of these probes.

To achieve more precise sensing of pH a good probe
must contain following properties and these are the main
challenges for researchers- 1) Development of NIR probe as
well as implementation of two-photon fluorescence micros-
copy (TPM) enables deep tissue penetration strength with
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Figure 83. Chemical structure of perylene-based fluorescent pH probes 117 and its sensing mechanisms.
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Figure 84. Chemical structure of 4-amido-1,8-naphthalimide-based ratiometric fluorescent pH probe 118 and its sensing mechanisms.
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Figure 85. Chemical structure of pyrrolinone ester hydrazone dye derivative-based probe 119 and its sensing mechanisms.
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Figure 86. Chemical structure of pH probe 120 and its pH-dependent structural alterations.
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Figure 87. Chemical structure quinoline derivative based fluorescent pH
probe 121.

low photo damage of the sample, least interference from
background auto-fluorescence and high spatial resolution. 2)
Ratiometric fluorescent probes permit the measurement of
emission intensities at two distinct wavelengths and elimin-
ate environmental factors, fluctuation of probe concentration
and instrumental errors. 3) Probes with large stoke shifts are
also desirable as they reduce excitation interference as well
as are able to overcome auto-fluorescence of bio-samples. 4)

Moreover, probes should be fully biocompatible for bio-
logical applications, i.e., probes should have good water
solubility, photostability and cell permeability with low cyto-
toxicity. 5) In spite of higher sensitivity toward pH, some
reported probes suffer from interference from other analytes.
Therefore, research and development on interference free
fluorescent probes is still of great interest. 6) In addition,
some probes show “turn-off” fluorescence response toward
pH monitoring. However, “turn-on” probes will be more
effective for accurate determination of pH in environmental
and biological applications. It will be another significant dir-
ection of research. 7) In order to design organelle targeted
pH probes, it is necessary to keep the pK, value within the
pH range of the target organelle so that it helps to monitor
pH change of that organelle accurately. 8) It is essential to
focus on continuous development of Golgi and ER pH
probes as they are rarely reported till now. 9) In recent
years, AIE (Aggregation induced emission) and AIEE
(Aggregation-induced emission enhance) are two emerging
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research topics in the field of chemosensors. So, molecules
with AIE and AIEE effects should be designed and studied

in the

near future. Although many of the discussed probes

fulfill some of the above qualities, it still requires more effort
to overcome these challenges.

Overall, we believe that this review will encourage
researchers to explore novel fluorescent pH probes along
with innovative applications.
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