¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

A benzothiazolium-based fluorescent probe
with ideal pK, for mitochondrial pH imaging
and cancer cell differentiationt
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A mitochondrial pH sensing fluorescent probe namely 2-(2-(6-hydroxynaphthalen-2-ylvinyl)-3-(6-(triphenyl-
phosphonio)hexyl)benzothiazol-3-ium bromide (HTBT2) was designed and facilely synthesized via the
Knoevenagel condensation reaction. HTBT2 displayed a linear fluorescence enhancement at 612 nm in
response to pH changes between 8.70 and 7.20. The pK, value was determined to be 8.04 + 0.02,
which might be ideal for mitochondrial pH (pHmito ~8.0) detection. HTBT2 also exhibited a remarkable
large Stokes shift of 176 nm, which could diminish the interference of excitation light. The results of live cell
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imaging studies suggested that HTBT2 showed excellent targeting ability for mitochondria. Importantly, it
was successfully applied to visualize mitochondrial pH changes in live cells and differentiate the pHpmito
difference between cancer cell lines and normal cell lines. Our results consistently supported that
HTBT2 held practical promise for the investigation of physiological processes related to pHmito changes
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Introduction

Various complex physiological processes in eukaryotic cells can
be implemented through a high level of compartmentalization
via independent division and/or close cooperation between
subcellular organelles. Compartmentalization is regarded
as the result of evolving to provide distinct environmental
conditions for matching the requirements from the optimal
individual metabolic process, and to store energy via electro-
motive force between inside and outside the membrane.'
Each organelle with different function requires a specific physio-
logical pH condition to facilitate its metabolic process. For
instance, lysosome with pH 4.5-5.0, Golgi with pH 6.0-6.7
and endosome with pH 5.5-6.5 are typical acidic organelles;
the pH of the cytoplasm (6.8-7.2) and endoplasmic reticulum
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and clinical potential for cancer cell differentiation.

(~7.2) is nearly neutral.””® However, the mitochondria pH
(PHmito) environment is markedly alkaline (~8.0) in resting
cells resulting from proton (H') extrusion in the process of
the respiratory electron transport chain reaction.>*® It is
noted that information transmission, Na'/K'/Ca®>" exchange
and homeostasis, reactive oxygen species (ROS) production
and bioenergy are closely related to pHpjwo.’ In particular,
mitochondrial autophagy (mitophagy) and apoptosis are
often associated with the acidification of mitochondria.®®°
Moreover, some reports indicated that various pathological
conditions are closely related to abnormal levels of mitophagy,
for instance, neurodegenerative diseases, cardiovascular diseases,
Parkinson’s disease, Reye’s syndrome and Alzheimer’s
disease.®>'®'" Consequently, a reliable and accurate method
for monitoring pHp,i, fluctuation in situ holds promise to
elucidate mitochondria related physiology and diseases.
Fluorescent probes, particularly small molecular probes,
have recently attracted great attention in bioanalysis and real-
time bioimaging technologies in the imaging of live cells and
organisms due to their excellent sensitivity and high spatial
and temporal resolution. Cationic molecular probes have been
found to be desirable for targeting mitochondria because the
mitochondrial inner membrane potential is negative.> %'
Tang et al® reported the first mitochondrial pH molecular
probe (spring red, pK, = 6.3) based on the quaternary ammonium
ion as a targeting group and tertiary amines as a pH responsive
site, which provided a new strategy for the mitochondrial pH
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measurement. Subsequently, various mitochondrial pH fluores-
cent probes using tertiary amines to respond to the pH alterations
have been developed successively.'**'” However, the pK, values
of these probes are far from ideal for pH,;;, (~ 8.0) measurement
because tertiary amines are only sensitive to pH variations in an
acidic environment, which poses a sensitivity issue. Song et al.'®
synthesized a fluorescein probe with a carboxyl group as a sensing
site to respond to the pH changes for pHy, detection; never-
theless, the pK, (5.77 + 0.03) of this probe is far from satisfactory.
To improve sensitivity, Qi et al.'®** prepared fluorescein or
rhodamine-based probes by introducing cycloimide as a pH
responsive group, which raised the pK, of the probe close to
the neutral range. By employing the phenolic hydroxyl groups
as a pHpjto-Sensing group, several pHp,i,, probes with higher
fluorescence yield and wider monitoring range have been
reported.®**° The pK, values of these probes respectively
were 5.88,>* 6.79,%° 8.85,>° 7.33,%” 7.33,%® and 7.25,%° which
were far away from mitochondrial pH. Very recently, Zhang’s
group®® and Wu’s group®” reported two probes utilizing tertiary
amines and phenolic hydroxyl groups as pH-sensitive sites,
respectively. However, these pK, values were still much lower
than mitochondrial pH. Fortunately, Sarkar et al.® reported a
2-naphthol-derived probe, namely CMP1, exhibiting a pK, value
of 7.86 £ 0.05 in living cells. Furthermore, pHy,it,, changes in
living cells introduced by carbonyl cyanide m-chlorophenyl
hydrazone treatment were successfully observed with CMP1.
However, to date, very few pH fluorescent probes with an ideal
pK, value (~8.0) for mitochondrial imaging in live cells have
been reported.

Benzothiazole dyes have been extensively used as various
fluorescent probes due to their excellent optical performance,
such as excellent photostability, large molar extinction coeffi-
cients and Stokes shift. Recently, we have constructed a ratio-
metric pH fluorescent probe (BTNO) by conjugated double
bond bridged benzothiazole and binaphthol.** BTINO displays
a pK, (7.91 + 0.03) nearing mitochondrial pH, which was
attributed to the use of phenolic hydroxyl groups as the pH
sensitive group. Unfortunately, BTNO cannot be used to
specifically detect mitochondrial pH because its structure did
not contain the mitochondrial targeting group. Herein, we
designed and synthesized a novel biocompatible fluorescent
probe HTBT2 (Scheme 1) by introducing triphenylphospho-
nium (TPP) as a mitochondrial targeting unit into compound
BTNO. Besides, owing to the enhanced intramolecular
charge transfer (ICT) process from the naphthol functionality
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to benzothiazolium, HTBT2 exhibits a larger Stokes shift and
longer emission wavelength compared with BTNO. Under
neutral and acidic conditions, HTBT2 emits a strong orange-red
fluorescence, while under alkaline conditions, naphthoxide (TBT)
was formed via the deprotonation of the hydroxyl group, then
the ICT process and the fluorescence quenched due to the
conversion of naphthoxide to naphthoquinone (OBT), in which
charge separation in the conjugate structure is hardly stable.
The fluorescence intensities of HTBT2 at 612 nm and pH values
exhibited a linear relationship in the range from pH 8.70 to
7.20. Its pK, value was found to be 8.04 £+ 0.02, which matched
well with mitochondrial pH (pH o ~ 8.0). Importantly, HTBT2
showed potential to detect the pHy,;, fluctuations in live cells
and differentiate the pHpj,, differences between cancer cells
and normal cells. These results consistently suggested that
HTBT2 could be practically effective to investigate physiological
processes associated with pHyy;o alterations.

Results and discussion
Effect of pH on spectroscopic properties of HTBT2

The pH-dependent absorption properties of HTBT2 were investi-
gated in the DMSO/Tris-HCI buffer (1/2, v/v) system under different
pH conditions. As depicted in Fig. 1a, HIBT2 exhibited a
strong absorption band around 566 nm (&, = 2583 L mol " em ™)
at pH 9.30. Upon decreasing pH from 9.30 to 6.40, the
absorption band blue-shifted progressively from 566 nm to
436 nm (g, = 2647 L mol ' cm™ "), giving rise to a well-
defined isosbestic point at 479 nm. Concomitantly, the colour
of the solution changed from yellow to yellow-green. Such a
blue-shift phenomenon was attributed to the weaker n-electron
delocalization in the protonated state of HTBT2. It should be
noted that the peak at 556 nm still existed when the pH value
was 3.0, which could be attributed to the ionization of HTBT2
(Fig. S2, ESIY).

The fluorescence spectra of HTBT2 at pH 6.40 (Fig. S1, ESIY)
indicated that the excitation and emission maxima of HTBT2
are 436 and 612 nm, respectively. The fluorescence spectra of
HTBT2 at various pH (Fig. 1b) showed that almost no fluores-
cence was observed at pH 9.30. However, a new emission
band at ~612 nm appeared with a gradual increase in intensity
upon the decrease of pH from 9.30 to 6.40. Meanwhile, the
orange-red fluorescence of solution enhanced gradually upon
decreasing pH. Moreover, the lifetimes of HTBT2 at various pH
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Scheme 1 Molecular structure of HTBT2 in acidic and alkaline environments as well as its sensing mechanism for pH changes.
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Fig. 1 (a) Absorption spectra changes of HTBT2 (200 puM) upon decreasing
the pH from 9.30 to 6.40. Inset: The solution colour change from yellow to
yellow-green at pH 9.30 and 6.40, respectively. (b) The fluorescence spectra
of HTBT2 (10 pM) upon decreasing pH from 9.30 to 6.40 with an excitation at
436 nm. Inset: The photo of orange-red fluorescence of HTBT2 at pH 6.40.
(c) The pH-dependent fluorescence intensity at 612 nm was fitted via
Boltzmann function. Inset: The good linearity between fluorescence intensity
and pH in the range of pH 8.70-7.20.

values neared 7.01 ps (Table S1, ESIt). The fluorescence
enhancement as a result of the formation of the protonated
HTBT2 improves the ICT process under acidic conditions. The
fluorescence quantum yield of HTBT2 was found to be 0.112
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(DMSO) relative to Rhodamine 6G (¢ = 0.95 in water). It is
worth noting that HTBT2 showed a remarkably large Stokes
shift of 176 nm, which could effectively reduce the excitation
interference and then drastically improve the sensitivity of
measurements.

To determine the pK, of HTBT2, Boltzmann function fitting
of the pH-dependent fluorescence intensity at 612 nm was
adapted. As shown in Fig. 1c, the pK, was found to be 8.04 +
0.02, which was very close to the pH of the mitochondrial
matrix (~ 8.0). There was a good linearity in the pH range of 8.70
to 7.20, based on the regression equation: F = 764314.81192 —
79080.76184 x pH with R* of 0.9991. These results indicated that
HTBT2 could be potentially suitable for detecting mitochondrial
PH variations.

Mass spectra and "H NMR spectra of HTBT?2 assays with pH
changes

To confirm the sensing mechanism of HTBT2, mass and
'H NMR titration experiments were implemented. The results
of the mass spectra titration assays were displayed in Fig. S3
(ESIY), and the strong characteristic peak of HTBT2 at 324.6273
and the negligible characteristic peak of OBT at 648.2699 were
measured when the pH of the aqueous solution containing the
probe was 6.40. The intensities of the peak at 314.6173 pro-
gressively decreased and the intensities of the peak at 648.2699
gradually increased as pH increased from 6.40 to 8.30, which
was attributed to the conversion of HTBT2 to OBT in the
process. As shown in Fig. S4 (ESIf), the chemical shifts of "H
in HTBT2 (in d¢-DMSO) at 10.02 ppm disappear step by step
with pH increased from 6.40 to 9.30 in the "H NMR spectra,
which indicated that the mechanism of the probe sensing
pH changes was achieved by the protonation and deprotona-
tion of phenolic hydroxyl groups. Meanwhile, some of the
proton resonances were clearly shifted upfield. Particularly,
*H vinyl proton significantly shifted upfield to 4.93 ppm. The
upfield shift of those protons suggested that the generated
naphthoxide via phenolic hydroxyl deprotonation was quickly
transformed to naphthoquinone leading to the increase of
electron density around those protons. The transformation
was attributed to the fact that charge separation in the con-
jugate structure is extremely unstable. Thence, the above
results indicated that deprotonation and protonation occurred
on the phenolic hydroxyl of HTBT2 and the generated TBT was
quickly converted to OBT, providing a sensing mechanism for
pH changes.

Selectivity, photostability and reversibility of HTBT2

Considering the complexity of measured environments in live
cells, the accuracy of pH measurement could be affected by
various ions and biomolecules in live cells. Thus, the selectivity
of HTBT2 to OH in the presence of other potential interfering
species was studied at pH 6.40. The result depicted in Fig. S5
(ESIT) indicated that physiologically common metal cations,
such as K, Li" and Mg*", along with other transition and heavy
metal ions including Co*, Hg?*, Ni**, Ba>" and Cd*", hardly caused
noticeable emission intensity changes in the measurements.

This journal is © The Royal Society of Chemistry 2020
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Furthermore, some familiar anions (such as C1~, Br—, 1, SO,>",
$,05>7, SO, HS™, NO;~, NO, , Ac’, HCO;~ and ClO,")
and some other important substances (e.g. H,0,, HCIO, O,",
NO, ONOO™, i-glutathione, homocysteine and cysteine)
exhibited negligible effect. These facts clearly indicated that
HTBT2 showed outstanding selectivity toward pH changes in
the presence of background ions and biologically important
species.

Subsequently, HTBT2’s stability was investigated via moni-
toring the fluorescence intensity change for 2 h in continuous
light of 436 nm at room temperature. The fluorescence
responses of HTBT2 against time at pH 6.40 and 9.30 are
shown in Fig. S6 (ESIt). As seen, the photostability HTBT2
was very good at the measured pH range for 2 h.

The reversibility was one of the important prerequisites for
real-time monitoring pH variations in actual biological sam-
ples. Subsequently, the pH value was modulated repeatedly
between 6.40 and 9.30 by adding trace volume of HCI (1 M) and
NaOH (1 M), and HTBT2’s fluorescence intensities were
recorded at every moment. As clearly shown in Fig. S7 (ESIT),
the response of HTBT2 was fully reversible. Therefore, HTBT2 is
practically effective for use in tracking pH alterations in the
real-time scale.

Cytotoxicity assessment

To assess the cytotoxicity of the probe to live cells, the ICs5, value
was determined by using the MTT assay.>® The ICs, value of
HTBT2 was obtained as 64.48 puM (Fig. S8, ESIt). This result
clearly demonstrated that the probe showed low toxicity and is
suitable for cell imaging experiments under the concentrations
of 10 uM.

Fluorescence imaging in live cells

Since mitochondria are the typical weakly alkaline organelles in
cells, it is practically useful for HTBT2 to sense the alkalinity if
it can show subcellular localization of mitochondria. To assess
the mitochondria staining ability of HTBT2, we conducted co-
localization studies on SMMC-7721 cells with MitoTracker
Green, a commercial mitochondria-specific green fluorescent
dye. The bright red fluorescence images from HTBT2 (Fig. 2a)
merged well with those from MitoTracker Green (Fig. 2b-d),
with a large mean Pearson’s co-localization coefficient (A) of
0.92. Meanwhile, the changes in the intensity profile of HTBT2
and MitoTracker Green in the linear regions tended toward
synchronization (Fig. 2f). These results suggested that HTBT2
selectively accumulated in mitochondria of SMMC-7721 cells,
in addition to showing good cell membrane permeability
(Fig. S9-S11, ESIY).

To explore the capability of HTBT2 for imaging mitochon-
drial pH variations, the pH-dependent fluorescence images of
HTBT2 in live cells were investigated. As demonstrated in
Fig. 3, the red fluorescence intensity in the SMMC-7721 cells
gradually decreases upon increasing the pH from 7.0 to 9.0
and there is only little fluorescence detected at pH 9.00.
These results meant that the HTBT2 probe could effectively
measure the mitochondrial pH in live cells. Moreover, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The fluorescence imaging of SMMC-7721 cells co-labelled by
10 uM HTBT2 (b) and 2 uM MitoTracker Green (c); (a) bright field imaging;
(d) merged imaging; (e) the correlation of intensity distribution of HTBT2 and
MitoTracker Green (A = 0.92); (f) intensity profile of intensity linear regions
across the SMMC-7721 cells. The fluorescence imaging was implemented on
an LSM-880+ Airyscan confocal laser scanning microscope with red channel
(Ex = 458 nm, E,,, = 560—-660 nm) for HTBT2; green channel (E, = 488 nm,
En = 505 nm to 540 nm) for MitoTracker Green, respectively.

Fig. 3 (a—o) Fluorescence imaging of SMMC-7721 cells treated with
10 uM HTBT2 at pH 7.00 (the first row), 7.40 (the second row), 8.00
(the third row), 8.50 (the fourth row) and 9.00 (the fifth row), respectively.
The red channel imaging was collected at 560-660 nm (E, = 458 nm).

optical stability of the probe in the living cells at these pH
values was also measured. As shown in Fig S12 (ESIf), the
fluorescence intensities in cells decreases slightly (<5%) at

J. Mater. Chem. B, 2020, 8,10586-10592 | 10589
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Fig. 4 (a—h) Fluorescence imaging of HTBT2 (10 uM) in SMMC-7721 cells
under different conditions with 5 mM NH4CL. (i) Brightfield images. The red
channel imaging was collected at 568-650 nm (E, = 561 nm). (k) The
mean fluorescence intensity changes of mitochondria after being treated
with NH4Cl with time.

various pH. The phenomenon revealed that HTBT2 possesses
the potential to monitor mitochondrial pH changes in living
cells for a long time.

The attractive mitochondria specificity and pH responsive
ability of HTBT2 urged us to further investigate the monitoring
capability of pHy,ito changes in real time upon different stimu-
lation. After incubation with 10 uM HTBT2 for 10 min and
washing three times with PBS, SMMC-7721 cells were further
treated with 5 mM NH,CIl, which could induce a dramatic
increase in pHpmi, via neutralizing acid in the cells.*
As depicted in Fig. 4 and Fig. S13 (ESIf), the fluorescence
intensities in NH,Cl-treated cells faded gradually within 25 min,

10590 | J Mater. Chem. B, 2020, 8,10586-10592
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Fig. 5 (a—r) Fluorescence images of SMMC-7721 cells, A549 cells, B16F10
cells, PC-12 cells, BEAS-2B cells, and HSC cells stained with 10 uM HTBTZ2,
respectively. (s) The fluorescence intensity plot of the above cell lines.
The red channel imaging with 560-660 nm (E, = 458 nm) was collected.
The thresholds were set to 0.4.

and the changes of the fluorescence intensities from these
cells after 30 min were negligible. This fact suggested
that HTBT2 exhibited a fast response to the alkalization in
mitochondria.

It was reported that reactive oxygen species (ROS) as signalling
molecules of apoptosis could be generated when the homeo-
stasis of mitochondrial redox was destroyed, concomitant with
variations in mitochondria pH.>® In order to examine the relation-
ship between mitochondrial pH and oxidative stress, SMMC-
7721 cells stained with HTBT2 were treated with 0.1 mM H,O,
and 1 mM NAC for 1 h, respectively. As depicted in Fig. S14 (ESIt),

This journal is © The Royal Society of Chemistry 2020
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compared with non-treated cells (the second row in Fig. S14d-f,
ESIt), the mean fluorescence intensity (Fig. S14a-c, ESIt)
in H,O,-treated cells obviously enhanced, unambiguously
implying that the mitochondrial pH decreased. On the other
hand, cells treated with NAC resulted in a slightly increased
mitochondrial pH (Fig. S14g-i, ESIT). All of the above results
clearly demonstrated that HTBT2 could be employed for real-
time detection of mitochondrial pH fluctuations in live cells.

It is well known that some diseases are closely related
to mitochondrial pH abnormality, such as cancer.®'%!"3%37
To investigate the application and capability of HTBT2 in
differentiating the pHpt, of cancer and normal cell lines by
fluorescence imaging, three types of cancer cell lines including
SMMC-7721 (human liver cancer cells); A549 (human alveolar
cancer cells); and B16F10 (mouse melanoma cells) and three
types of normal cell lines including PC-12 (rat neural cells);
BEAS-2B (normal human alveolar cells); and HSC cells (human
hematopoietic stem cells) were selected for the studies. Fig. 5
showed that the fluorescence intensities in the three normal
cells lines were stronger than those of three cancer cells lines,
consistently confirming that the pH,y;, in the cancer cells was
higher than that in the normal cells.?® Interesting, the fluores-
cence in cancer cells can be neglected when the thresholds were
raised from 0.4 to 82 (Fig. S15, ESIT), while the fluorescence in
normal cells can be observed easily. Furthermore, the results of
dynamic assays shown that the time required for HTBT2 to
stain BEAS-2B cells (~12 min, Fig. S10, ESI{) and pc-12 cells
(~13 min, Fig. S11, ESI}) was slightly shorter than that of
SMMC-7721 cells (~ 18 min, Fig. S9, ESIt). Our results strongly
supported that HTBT2 showed a great clinical potential for
differentiating cancer cells from normal cells.

Conclusion

In summary, a benzothiazolium-based mitochondrial pH fluo-
rescent probe HTBT2 was facilely synthesized via Knoevenagel
condensation reaction, for real-time visualization of mitochon-
drial pH fluctuations in live cells. HTBT2 exhibited not only a
significant Stokes shift of 176 nm, but also excellent selectivity
toward slight pH changes, good reversibility and photostability,
and low cytotoxicity. It is noted that the pK, value of the probe
(8.04 £ 0.02) matched pH it (~ 8.0) well with a linear response
range between pH 8.70 and 7.20. In addition to the excellent
mitochondrial targeting ability, HTBT2 showed an ability to
detect and monitor mitochondrial pH fluctuations in live
SMMC-7721 cells. Impressively, it was also successfully applied
to differentiate the pH,i;, between cancer cell lines and normal
cell lines. Therefore, HTBT2 as the pH imaging probe offers
practical potential to investigate physiological processes inside
mitochondria.
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