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Abstract: For surveilling human health, industries, and the environment, pH monitoring is important.
Numerous studies on fluorescent probes have been conducted to monitor various pH ranges. How-
ever, fluorescent probes that are capable of sensing alkaline regions are rare. In this study, we propose
turn-on-type fluorescent probes for detecting alkaline pHs using bis[2-(2′-hydroxyphenyl)benzazole]
(bis(HBX)) derivatives. These probes have high pKa values (from 9.7 to 10.8) and exhibit strong
fluorescence intensity and color changes at alkaline pHs. Probes derived from bis(HBX) exhibit good
photostability, reversibility, and anti-interference toward pH variations, which can be identified as a
certain fluorescence change toward a basic pH. Therefore, compounds would be advantageous to use
fluorescent probes for monitoring alkaline pH changes.
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1. Introduction

Accurate monitoring of pH is valuable for human health, diseases, industry, and the
environment [1]. Therefore, various methods have been developed to monitor pH, such
as those utilizing microelectrodes, nuclear magnetic resonance (NMR), colorimetry, and
fluorescence [2–6]. Compared to other pH measurement methods, fluorescence technology
is beneficial because of its easy visualization and operation, nondestructive character,
high sensitivity and selectivity, and the ease of availability of a wide range of dyes as pH
indicators [7–10].

Because of these advantages, numerous fluorescent probes have been developed to
monitor pH for various applications, including biological, medicinal, and biotechnological
applications [11–13]. Commonly known fluorophores are tetraphenylethene, coumarin,
naphthalimide, rhodamine, boron dipyrromethene (BODIPY), cyanine (Cy) [14], and
2-(2-hydroxyphenyl)benzothiazole [15]. Organic fluorescent pH probes commonly have a
characteristic nitrogen- or oxygen-containing group where protonation or deprotonation
occurs depending on the pH, changing the fluorescence of the fluorophore [14,16]. Using
this property, several researchers have developed fluorescent probes that can monitor
various pH ranges.

Although the developed fluorescent pH probes have been successful in monitoring
acidic to near-neutral pH conditions [17–20], probes capable of monitoring alkaline regions
are still rare. pH detection in the alkaline range is valuable in several fields, such as
leather processing, wastewater treatment, the paper industry, nuclear fuel reprocessing,
agriculture, detection of corrosion of steel-reinforced concrete structures, and metal mining
and finishing [21,22]. Therefore, several fluorescent pH probes for detecting alkaline
pHs have been developed, such as perylene tetra-(alkoxycarbonyl) derivative-based [21],
BODIPY-based [22], and coumarin-based [23] alkaline pH fluorescent probes. However,
most fluorescent probes reported to monitor pHs above 10 are turn-off type, in which
fluorescence intensity decreases in the alkaline pH [4,11,21]. Fluorescent probes with turn-
on signals are generally considered more efficient. Compared with “turn-off” probes, the
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main advantage of “turn-on” probes is that they can easily measure low-concentration
contrasts against a background, which increases sensitivity [24]. Therefore, it is particularly
meaningful to develop new turn-on-type fluorescent probes that can detect an extremely
alkaline pH.

In this study, we synthesized bis[2-(2′-hydroxyphenyl)benzazole] (bis(HBX)) deriva-
tives that can be used in monitoring alkaline pHs. HBX-based probes exhibit a significant
Stokes shift because of their intramolecular hydrogen-bonding properties, which exhibit
excited-state intramolecular proton transfer (ESIPT) [25,26]. Owing to this property, HBX
derivatives have been developed as fluorescent pH probes. However, the reported pH
probes using mono HBX monitored a limited range of pHs (from acidic to near neu-
tral) [1,27,28]. Herein, we envisioned that this limitation could be solved by combining
the two HBX moieties into one molecule. According to studies, molecules that combine
two benzazole groups have extra proton-binding sites and more effective ESIPT than
mono HBX [25]. The intramolecular hydrogen bonding energies were found to be around
10 kcal/mol [29,30]. Unlike the previous mono HBX, bis(HBX) derivatives provide two
intramolecular hydrogen-bonding acceptors, as shown in Scheme 1. The hydrogen bond
can increase the deprotonation energy of the OH group in bis(HBX) derivatives [31,32].
Because of these characteristics, it is also expected that bis(HBX) derivatives should exhibit
higher pKa values than mono HBX and interesting fluorescence patterns under extreme
basic conditions. In addition, we speculate that the properties of the synthesized molecules
could be tuned by changing the benzazole and functional groups bound to the central
phenol. Consequently, nine bis(HBX) derivatives with two benzazole groups and various
functional groups attached to the central phenol were synthesized, and the fluorescence
change was measured according to the pH. Among the synthesized nine compounds, three
compounds (A1, A2, and C1) with better properties were selected as alkaline pH probes.
Probes exhibited the characteristics of “turn-on” and color change in the probe solution
from colorless to yellow when the pH value increased from acidic to basic. In addition,
unlike other probes that have a sigmoid-type pH titration plot, Al, A2, and C1 show a pH
titration plot in the form of a step function with a relatively narrow transition range, which
has the advantage of clearly checking the pH before and after pKa.
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Scheme 1. Two–step synthesis of bis(HBX) derivatives.

2. Materials and Methods
2.1. Materials and Instruments

Chemical reagents were purchased from commercial sources (Sigma-Aldrich (St. Louis,
MO, USA), Alfa Aesar (Ward Hill, MA, USA), Duksan Pure Chemicals, Daejung Chemi-
cals, Samchun Pure Chemical, and Tokyo Chemical Industry) and used without further
purification. 1H-NMR and 13C-NMR spectra were recorded on an NMR spectrometer
(400 MHz, JEOL and Bruker). Mass spectra were obtained using a mass spectrometer
(LTQ Orbitrap, Thermo Fisher Scientific, Waltham, MA, USA). The melting points of the
materials were determined using melting point determination apparatus (M-565, Buchi,
Meierseggstrasse 40, 9230 Flawil, Switzerland). Ultraviolet–visible (UV-vis) and fluores-
cence spectra, which were used for screening the materials, were recorded using UV-vis
(V-630, JASCO Inc., Easton, MD, USA) and fluorescence spectrophotometers (Cary Eclipse,
Agilent, Santa Clara, CA, USA), respectively. A pH meter (SevenCompact S210, Mettler
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Toledo, Greifensee, Switzerland) and a pH electrode (InLab Science Pro-ISM, Metter Toledo,
Greifensee, Switzerland) were used to perform pH measurements.

2.2. Synthesis of bis(HBX) Derivatives A1, A2, and C1)
2.2.1. General Procedure of Bis-Benzothiazolyl Phenol Derivatives (A1, A2) [33]

The synthesis of bis-benzothiazolyl phenol derivatives is shown in Scheme S2. To a
solution of 2-hydroxyisophthalaldehyde derivatives (3.0 mmol) and 2-aminothiophenol
(0.963 mL, 9.0 mmol) in 20 mL of EtOH, HCl (35.0%, 0.278 mL, 9.0 mmol) and H2O2 (35.0%,
0.367 mL, 12.0 mmol) were added dropwise, and the mixture was stirred for 1 h at 0 ◦C.
After completion of the reaction, the mixture was filtered, washed with EtOH, and dried
under a vacuum. The crude mixture was purified by column chromatography using DCM
on silica gel.

The compound 2,6-bis(2-benzothiazolyl)-4-methylphenol (A1) was obtained as a yel-
low solid (0.702 g, 62.5%). m.p: 253.8–257.1 ◦C; 1H-NMR (400 MHz, CDCl3) δ 13.97 (s, 1H),
8.08 (d, J = 8.2 Hz, 4H), 7.96 (d, J = 7.9 Hz, 2H), 7.55–7.51 (m, 2H), 7.45–7.41 (m, 2H), 2.48 (s,
3H); 13C-NMR (101 MHz, CDCl3) δ 154.2, 151.7, 131.8, 129.0, 126.4, 125.2, 122.4, 121.5, 20.5;
HRMS (ESI): m/z calcd for C21H13N2OS2 [M–H]− 373.0474, found 373.0474.

The compound 2,6-bis(2-benzothiazolyl)-4-methoxyphenol (A2) was obtained as a yel-
low solid (0.470 g, 40.1%). m.p: 228.0–232.3 ◦C; 1H-NMR (400 MHz, CDCl3) δ 13.70 (s, 1H),
8.08 (d, J = 7.9 Hz, 2H), 7.96 (d, J = 7.9 Hz, 2H), 7.85 (s, 2H), 7.54 (t, J = 7.0 Hz, 2H), 7.43 (t,
J = 7.6 Hz, 2H), 3.98 (s, 3H); 13C-NMR (101 MHz, CDCl3) δ 152.4, 151.0, 134.2, 126.8, 125.7,
122.4, 121.6, 119.8, 117.2, 56.6; HRMS (ESI): m/z calcd for C21H13N2O2S2 [M–H]− 389.0423,
found 389.0423.

2.2.2. General Procedure of Bis-Benzoxazolyl Phenol Derivatives (C1) [34]

The synthesis of bis-benzoxazolyl phenol derivatives is shown in Scheme S2. A mixture
of 2-hydroxyisophthalaldehyde derivatives (3.0 mmol), 2-aminophenol (0.655 g, 6.0 mmol),
and phenylboronic acid (0.109 g, 0.9 mmol) in 30 mL of MeOH was magnetically stirred for
5 min. Sodium cyanide (0.192 g, 4.8 mmol) was added. The mixture was thereafter stirred
for 18 h at 25 ◦C. The flask was subsequently immersed in an ice bath. The precipitate was
collected via vacuum filtration and washed with cold water. The solid was purified by
recrystallization from MeOH/H2O.

The compound 2,6-bis(2-benzoxazolyl)-4-methylphenol (C1) was obtained as an orange
solid (0.569 g, 55.4%). m.p: 172.1–175.6 ◦C; 1H-NMR (400 MHz, DMSO-d6) δ 12.20 (s, 1H),
8.09 (s, 2H), 7.84–7.80 (m, 4H), 7.48–7.41 (m, 4H), 2.40 (s, 3H); 13C-NMR (101 MHz, DMSO-
d6) δ 161.8, 155.3, 149.9, 140.6, 133.5, 129.7, 126.5, 125.7, 120.1, 113.7, 111.6, 20.3; HRMS (ESI):
m/z calcd for C21H13N2O3 [M–H]− 341.0931, found 341.0923.

2.3. Screening of the Bis(HBX) Derivatives

For the determination of the pH, solutions comprising each bis(HBX) derivative
(50 µM; 10% DMSO) and Britton–Robinson (B–R) buffers (pH 1.0, 2.0, 3.0, 4.0, 5.0, 6.0,
7.0, 7.5, 8.0, 8.3, 8.7, 9.0, 9.3, 9.7, 10.0, 10.3, 10.5, 10.7, 11.0, 12.0, 13.0, 13.9; 10 mM) were
arranged. B–R buffers with various pH values were prepared with H2O as the solvent using
a known procedure. All spectroscopic experiments were conducted under the following
conditions: The UV-vis and fluorescence spectra of the solutions were measured at 25 ◦C;
the photomultiplier tube (PMT) voltage was 400 V; and the excitation and emission slit
widths were 5 nm. Each experiment was repeated thrice.

2.4. Calculation of the pKa and Quantum Yield (Φ)

The pKa value of each bis(HBX) derivative was obtained by fitting the Boltzmann
function to the titration data of its fluorescence response to pH. To calculate the quantum
yield, coumarin 153 (C-153, Φst = 0.53) in EtOH was used as the standard dye. The slope of
each compound was calculated by plotting the absorbance on the x-axis and the integration
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of the fluorescence intensity on the y-axis. The photoluminescence quantum yield (Φ) was
calculated using Equation (1) [35].

Φ = ΦSt·
compound slope
Standard slope

· compound solvent re f ractive index2

standard solvent re f ractive index2 (1)

2.5. Photostability, Ionic Interference, and Reversibility Study

The photostability of the bis(HBX) derivatives (A1–3, B1–3, and C1–3) was analyzed
using solutions comprising each bis(HBX) derivative (50 µM; 10% DMF) and B–R buffers
(10 mM). The fluorescence spectra were recorded for 30 min. Thereafter, three of the
nine compounds were selected and measured three times under the following conditions:
bis(HBX) derivatives (A1, A2, and C1: 50 µM; 10% DMSO) and B–R buffers (pH 6.0/12.0
for A1, A2 and pH 6.0/13.0 for C1; 10 mM).

To analyze the selectivity of the fluorescence responses of the bis(HBX) derivatives to
each pH in the presence of other interfering ionic species, solutions comprising each bis(HBX)
derivative (A1, A2, and C1: 50 µM; 10% DMSO) and B–R buffers (pH 6.0/12.0 for A1, A2
and pH 6.0/13.0 for C1; 10 mM) with or without various ions (Na+: 10 mM; K+: 10 mM;
Ca2+: 1 mM; Mg2+: 1 mM; Fe2+: 100 µM; Cu2+: 100 µM; Zn2+: 200 µM; F−: 1 mM; Cl−:
1 mM; HSO4

−: 1 mM; H2PO4
−: 1 mM; NO3

−: 1 mM; SCN−: 1 mM for A1, A2 and Na+:
10 mM; K+: 5 mM; Ca2+: 20 µM; Mg2+: 10 µM; Fe2+: 50 µM; Cu2+: 5 µM; Zn2+: 5 µM; F−:
1 mM; Cl−: 1 mM; HSO4

−: 500 µM; H2PO4
−: 1 mM; NO3

−: 1 mM; SCN−: 1 mM for C1)
were arranged. The fluorescence spectra were recorded at suitable excitation wavelengths.

The fluorescence reversibility of the bis(HBX) derivatives was analyzed using solutions
comprising each bis(HBX) derivative (A1, A2, and C1: 25 µM; 30% DMSO) and B–R buffers
(pH 12.0 for A1, A2 and pH 13.0 for C1; 10 mM). The fluorescence spectrum of each solution
was measured before the pH was fitted through the dropwise addition of HCl and NaOH
aqueous solutions. The fluorescence spectrum of the fitted solution was then measured
again. The pH decreased and subsequently increased during the four cycles.

The data were collected using an Agilent fluorescence spectrophotometer at 25 ◦C.
Each experiment was repeated thrice. For all measurements, the PMT was 400 V, and the
slit width was 5/5 nm.

3. Results and Discussion
3.1. Synthesis of the Bis(HBX) Derivatives for Fluorescent Probes

The nine compounds were synthesized with benzazole groups (benzothiazole, ben-
zimidazole, and benzoxazole) at the ortho position of the central phenol and functional
groups (-F, -Me, and -OMe) at the para position by simple two-step reactions (Scheme 1).
The 2,6-diformyl-phenol derivatives (1–3) were obtained by the Duff reaction of the phenol
derivatives with three equivalents of hexamethylene tetramine using trifluoroacetic acid
(TFA) as the solvent (Scheme S1) [36–38]. Thereafter, the bis(HBX) derivatives (A1–C3)
were synthesized via the condensation of the 2,6-diformyl-phenol derivatives (1–3) with
the aniline derivatives (A–C) (Scheme S2). Characterization data, such as NMR results,
mass, melting point, and yield, are presented in the Supplementary Materials (Table S1,
Figure S8–34).

3.2. Spectroscopic Properties of the Bis(HBX) Derivatives

The UV-vis and fluorescence responses of the nine bis(HBX) derivatives according
to pH changes were investigated under a wide range of pH conditions (pH 1.0–13.9).
The UV-vis spectra of the nine compounds exhibited similar patterns, depending on the
type of bound benzazole (Figure S1). The fluorescence spectra according to the pH are
listed in Figure 1. As we expected, among the synthesized nine bis(HBX) derivatives, the
benzothiazole (A1–3) and benzoxazole (C1–3) conjugated compounds exhibited strong
turn-on fluorescence responses under basic pH conditions in contrast to their HBX mono
forms, which exhibited fluorescence changes in acidic to neutral pH ranges [1,27,28]. In
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contrast, compounds bearing benzimidazole (B1–3) exhibited unique spectra, showing
ratiometric fluorescence responses from pH 1.0 to 13.9.
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Figure 1. Fluorescence spectra of the nine bis(HBX) derivatives (A1–C3, pH 1.0–13.9).

To figure out the compound showing the best performance as a pH fluorescence probe
among the nine bis(HBX) derivatives, we compared these in terms of photostability and
solubility. First, photostability was studied by measuring the fluorescence intensity for
30 min in the pH regions, including the transition ranges (Figure S2). While fluorescence
changes for compounds A1–3, C1, and C3 were negligible, compounds B1–3 and C2
exhibited unstable properties where the emission wavelengths or fluorescence intensity
changed over time. The photochemical instability of a fluorescent dye is well correlated
with the excited-state lifetime of the fluorescent dye because the fluorescent dye in an
excited state can react with its surrounding molecules [39]. The excited state lifetimes of
mono HBX were determined to be 2-(2′-hydroxyphenyl)benzothiazole (HBT) (14 ps in
ACN) [40], 2-(2′-hydroxyphenyl)benzoxazole (HBO) (1080 ps in DMSO) [41], and 2-(2′-
hydroxyphenyl)benzimidazole (HBI) (1.5 ns in EtOH) [42], respectively. Therefore, the
differences in the photochemical instabilities of the bis(HBX) derivatives may come from
the length of their excited-state lifetimes. Further, the solubility of the compounds was
confirmed in a solvent, and A3 exhibited an extremely low solubility compared with those
of the other compounds (Figure S3).

For the four compounds (A1, A2, C1, and C3), the pKa and quantum yield calculations
were performed (Table 1). Various pKa values of 9.8 (A2), 10.4 (A1, C3), and 10.8 (C1)
indicated that the synthesized probes were capable of sensing a wide range of alkaline
pHs. Based on the data, A1, A2, and C1 with various pKa values between 9.7 and 10.8 were
selected as fluorescent probes for monitoring alkaline pH ranges, and further studies were
conducted (C3 exhibited a pKa value similar to that of A1 but a smaller quantum yield than
A1; thus, A1 was selected).
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Table 1. Properties of A1, A2, C1, and C3.

Product pKa λem (nm) ΦF

A1 10.375 508.0 0.41
A2 9.786 537.0 0.82
C1 10.753 498.9 0.24
C3 10.408 507.0 0.34

3.3. Fluorescence Response of the Selected Probes (A1, A2, and C1) to pH

Figure 2 shows the pH titration plots of the selected probes (A1, A2, and C1). The
fluorescence intensity of A1, having a pKa value of 10.4, was extremely low from pH 1.0 to
9.0, but the fluorescence intensity increased approximately 16-fold for pH 9.7 to 10.7 and
saturated above pH 10.7. Similar to the fluorescence response of A1, A2, having a pKa
value of 9.8, exhibited an extremely low fluorescence intensity from pH 1.0 to 8.0, and the
intensity dramatically increased approximately 12-fold for pH 9.0 to 10.7 and saturated
over pH 10.7. The fluorescence intensity of C1, with a pKa value of 10.8, was extremely low
from pH 1.0 to 10.0, exhibiting a fluorescence change that increased approximately 24-fold
from pH 10.3 to 13.9.
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Figure 2. pH titration plots at emission maxima (pH 1.0–13.9). (a) Plot of A1; λex = 444 nm. (b) Plot
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The probes exhibited an extremely sharp increase in fluorescence intensity with a
narrow pH transition range. By having the pH titration plots in the form of a step function,
the probes could clearly monitor the pH before and after pKa. Moreover, the solutions
for the three compounds changed from colorless to yellow as the pH increased to the
alkaline range, showing that the pH change for the alkaline range could be checked with
the naked eye using the probes. The compounds exhibited high pKa values and strong
turn-on fluorescence signals at alkaline pH values, indicating that these compounds are
suitable for monitoring alkaline pHs.

3.4. Photostability, Reversibility, Ionic Interference Study, and the Applicability of the
Selected Probes

For the three compounds (A1, A2, and C1) selected as fluorescent probes, in-depth
studies were conducted, such as photostability, reversibility, and ionic interference studies,
for evaluating the performance of fluorescent probes. To evaluate the photostability of the
probes, changes in the fluorescence intensity of the three probes were measured for 30 min
at 5 min intervals at each pH that the fluorescence signal turned on and off. As shown in
Figure 3, the fluorescence intensity of A1 remained stable at pH 6.0 and 12.0, and the other
probes also exhibited good photostability under acidic and alkaline conditions (Figure S4).



Sensors 2023, 23, 2044 7 of 10

Sensors 2023, 23, x FOR PEER REVIEW 7 of 10 
 

 

 
Figure 3. Photostability of A1 (50 μM) at different pHs (pH 6.0 and 12.0) for 30 min at λex = 444 nm. 

The reversibility of the fluorescence response was investigated by changing the pH 
using aqueous HCl and NaOH solutions. As shown in Figure 4, the reversibility test of A1 
started from pH 12.0 to 8.0, for four cycles. During the cycles, the enhanced fluorescence 
signal at pH 12.0 was quenched immediately at pH 8.0 by adding HCl solution, exhibiting 
good reversibility. Simultaneously, the solution changed from yellow to colorless at pH 
12.0 and 8.0 under natural light. Similar reversible results were obtained for A2 and C1 
(Figure S5). These results show that the fluorescence responses of the probes possess a 
clear on–off switch with pH changes, and the probes have good reversibility. 

 
Figure 4. pH reversibility study of A1 (25 μM) between pH 12.0 and 8.0 for four cycles, λex = 444 nm. 

Further, we measured the fluorescence responses of the probes to confirm the inter-
ference of various ionic species, including metal cations (Na+, K+, Ca2+, Mg2+, Fe2+, Cu2+, 
and Zn2+) and anions (F−, Cl−, HSO4−, H2PO4−, NO3−, and SCN−), under different pH condi-
tions. As shown in Figure 5, the fluorescence intensity of A1 was unaffected by the pres-
ence of various ionic species at pH 12.0 and 6.0, and similar results were obtained for A2 
and C1 (Figure S6). The interference test showed that A1, A2, and C1 could be reliably 
used to monitor alkaline pHs without interference in the presence of various ions at the 
human serum level. 

Figure 3. Photostability of A1 (50 µM) at different pHs (pH 6.0 and 12.0) for 30 min at λex = 444 nm.

The reversibility of the fluorescence response was investigated by changing the pH
using aqueous HCl and NaOH solutions. As shown in Figure 4, the reversibility test of A1
started from pH 12.0 to 8.0, for four cycles. During the cycles, the enhanced fluorescence
signal at pH 12.0 was quenched immediately at pH 8.0 by adding HCl solution, exhibiting
good reversibility. Simultaneously, the solution changed from yellow to colorless at pH
12.0 and 8.0 under natural light. Similar reversible results were obtained for A2 and C1
(Figure S5). These results show that the fluorescence responses of the probes possess a clear
on–off switch with pH changes, and the probes have good reversibility.
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Further, we measured the fluorescence responses of the probes to confirm the inter-
ference of various ionic species, including metal cations (Na+, K+, Ca2+, Mg2+, Fe2+, Cu2+,
and Zn2+) and anions (F−, Cl−, HSO4

−, H2PO4
−, NO3

−, and SCN−), under different pH
conditions. As shown in Figure 5, the fluorescence intensity of A1 was unaffected by the
presence of various ionic species at pH 12.0 and 6.0, and similar results were obtained for
A2 and C1 (Figure S6). The interference test showed that A1, A2, and C1 could be reliably
used to monitor alkaline pHs without interference in the presence of various ions at the
human serum level.
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Figure 5. Fluorescence intensity of A1 (50 µM) at pH 6.0 and 12.0 in the absence (control) and presence
of various ionic species (Na+: 10 mM; K+: 10 mM; Ca2+: 1 mM; Mg2+: 1 mM; Fe2+: 100 µM; Cu2+:
100 µM; Zn2+: 200 µM; F−: 1 mM; Cl−: 1 mM; HSO4

−: 1 mM; H2PO4
−: 1 mM; NO3

−: 1 mM; SCN−:
1 mM), λex = 444 nm.

To show the applicability of the pH probes to practical samples, we conducted pH
measurements using chlorine bleach, a basic solution that can be easily seen in real life.
When the fluorescence intensity of the chlorine bleach solution with probes was contrasted
with the pH titration plots of A1, A2, and C1, the pH of the chlorine bleach solution
measured using fluorescence probes coincided with the pH values measured with the
pH electrode (Figure S7). In addition, when the chlorine bleach solution was mixed with
the solutions of probes A1, A2, and C1, the approximate pH range of the chlorine bleach
solution was immediately confirmed from the color change in each mixed solution. These
results show that the three probes (A1, A2, and C1) as pH indicators can be applied to
practical examples with high reliability.

4. Conclusions

We synthesized nine bis(HBX) derivatives and selected three compounds as fluorescent
pH probes. The three probes (A1, A2, and C1) exhibited high pKa values between 9.7 to
10.8 and a narrow pH transition range, and they effectively detected alkaline pHs. They
showed the properties of multifunctional alkaline pH probes with both color changes
from colorless to yellow and fluorescence turn-on responses at alkaline pHs. The probes
exhibited excellent photostability in the extreme alkaline pH range (pH > 10), potentially
competing ionic species, with good reversibility. Moreover, it showed that the probes can
measure the pH of practical examples with high accuracy. Thus, we envision that A1,
A2, and C1 can be applied in various fields as effective fluorescent probes for monitoring
alkaline pHs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s23042044/s1, Scheme S1: Synthesis route of 2,6-diformyl-phenol
derivatives (1–3); Scheme S2: Synthesis route of bis(HBX) derivatives (A1-C3); Table S1: Two-step
synthesis of bis(HBX) derivatives; Figure S1: UV-vis spectra of nine bis(HBX) derivatives; Figure S2:
Photostability by fluorescence intensity of A1–3 (pH 7.0–10.0), B1–3, C1, and C3 (pH 8.0–11.0) for
30 min ([bis(HBX)] = 50 µM in 10 mM B-R buffers; 10% DMF); Figure S3: Solubility of A1–3, C1,
and C3 (1 mM in DMSO); Figure S4: Plots of the fluorescence intensity for 30 min; Figure S5: The
pH reversibility by fluorescence intensity. pH control by 10 M and 1 M HCl/NaOH; Figure S6:
Interference study of various ionic species of A2 and C1; Figure S7: pH monitoring of chlorine bleach;
Figures S8–S34: 1H NMR, 13C NMR, and 19F NMR spectra of synthesized compounds 1–3, A1–3,
B1–3, and C1–3, and Supporting Methods [43].

https://www.mdpi.com/article/10.3390/s23042044/s1
https://www.mdpi.com/article/10.3390/s23042044/s1


Sensors 2023, 23, 2044 9 of 10

Author Contributions: Conceptualization, M.S.H.; funding acquisition, M.S.H.; investigation, H.L.
and S.L.; methodology, H.L. and S.L.; project administration, M.S.H.; resources, H.L. and S.L.;
supervision, M.S.H.; writing—original draft, H.L.; writing—review and editing, H.L., S.L. and M.S.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT), grant number NRF-2020R1A2B5B01002392.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the results and findings of this study are available
within the paper and the Supplementary Information files.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, J.; Gao, Q.; Tong, Q.; Wu, G. Fluorescent probes based on benzothiazole-spiropyran derivatives for pH monitoring in vitro

and in vivo. Spectroc. Acta Part A-Mol. Biomol. Spectr. 2020, 225, 117506. [CrossRef]
2. Tian, X.; Liu, H.; Li, M.; Zhang, Y.; Zhang, C.; Gao, Y.; Wang, Z.; Wang, S. A camphor-based Schiff base fluorescent probe for

detection of alkaline pH and its applications in living cells. J. Mol. Struct. 2022, 1251, 132038. [CrossRef]
3. Thorarinsdottir, A.E.; Du, K.; Collins, J.H.P.; Harris, T.D. Ratiometric pH Imaging with a CoII2 MRI Probe via CEST Effects of

Opposing pH Dependences. J. Am. Chem. Soc. 2017, 139, 15836–15847. [CrossRef]
4. Ma, Q.; Zhuo, W.; Zhai, Z.; Gong, G.; Zhang, T.; Xiao, H.; Zhou, Z.; Liu, Y. A new fluorescent probe for neutral to alkaline pH and

imaging application in live cells. Spectroc. Acta Part A-Mol. Biomol. Spectr. 2021, 261, 120031. [CrossRef]
5. Lee, D.; Swamy, K.M.K.; Hong, J.; Lee, S.; Yoon, J. A rhodamine-based fluorescent probe for the detection of lysosomal pH

changes in living cells. Sens. Actuator B-Chem. 2018, 266, 416–421. [CrossRef]
6. Lee, M.H.; Han, J.H.; Lee, J.H.; Park, N.; Kumar, R.; Kang, C.; Kim, J.S. Two-Color Probe to Monitor a Wide Range of pH Values in

Cells. Angew. Chem.-Int. Edit. 2013, 52, 6206–6209. [CrossRef] [PubMed]
7. Li, X.; Zhao, X.; Wu, L.; Leng, Y.; Cai, X. Highly Reversible “Off-On-Off” Dual-channel Fluorescence Probe Based on Amino

Pyrazole and Phenothiazine for Sensing Extremely Alkaline Solution. ChemistrySelect 2022, 7, e202104387. [CrossRef]
8. Han, J.; Burgess, K. Fluorescent Indicators for Intracellular pH. Chem. Rev. 2010, 110, 2709–2728. [CrossRef]
9. Ma, L.-j.; Cao, W.; Liu, J.; Deng, D.; Wu, Y.; Yan, Y.; Yang, L. A highly selective and sensitive fluorescence dual-responsive pH

probe in water. Sens. Actuator B-Chem. 2012, 169, 243–247. [CrossRef]
10. Patil, V.S.; Padalkar, V.S.; Phatangare, K.R.; Gupta, V.D.; Umape, P.G.; Sekar, N. Synthesis of New ESIPT-Fluorescein: Photophysics

of pH Sensitivity and Fluorescence. J. Phys. Chem. A 2012, 116, 536–545. [CrossRef]
11. Staudinger, C.; Breininger, J.; Klimant, I.; Borisov, S.M. Near-infrared fluorescent aza-BODIPY dyes for sensing and imaging of

pH from the neutral to highly alkaline range. Analyst 2019, 144, 2393–2402. [CrossRef] [PubMed]
12. Chen, C.; Tian, R.; Zeng, Y.; Chu, C.; Liu, G. Activatable Fluorescence Probes for “Turn-On” and Ratiometric Biosensing and

Bioimaging: From NIR-I to NIR-II. Bioconjug. Chem. 2020, 31, 276–292. [CrossRef]
13. Chao, J.; Li, Z.; Zhang, Y.; Huo, F.; Yin, C.; Liu, Y.; Li, Y.; Wang, J. A single fluorescent probe for multiple analyte sensing: Efficient

and selective detection of CN−, HSO3− and extremely alkaline pH. J. Mat. Chem. B 2016, 4, 3703–3712. [CrossRef]
14. Chen, W.; Ma, X.; Chen, H.; Hua Liu, S.; Yin, J. Fluorescent probes for pH and alkali metal ions. Coord. Chem. Rev. 2021, 427, 213584.

[CrossRef]
15. Das, S.; Indurthi, H.K.; Asati, P.; Saha, P.; Sharma, D.K. Benzothiazole based fluorescent probes for the detection of biomolecules,

physiological conditions, and ions responsible for diseases. Dyes Pigment. 2022, 199, 110074. [CrossRef]
16. Andresen, E.; Radunz, S.; Resch-Genger, U. Novel PET-pperated rosamine pH-sensor dyes with substitution pattern-tunable pKa

values and temperature sensitivity. New J. Chem. 2021, 45, 13934–13940. [CrossRef]
17. Zhang, X.; Jing, S.-Y.; Huang, S.-Y.; Zhou, X.-W.; Bai, J.-M.; Zhao, B.-X. New fluorescent pH probes for acid conditions. Sens.

Actuator B-Chem. 2015, 206, 663–670. [CrossRef]
18. Kim, H.; Sarkar, S.; Nandy, M.; Ahn, K.H. Imidazolyl-benzocoumarins as ratiometric fluorescence probes for biologically extreme

acidity. Spectroc. Acta Part A-Mol. Biomol. Spectr. 2021, 248, 119088. [CrossRef]
19. Tang, B.; Yu, F.; Li, P.; Tong, L.; Duan, X.; Xie, T.; Wang, X. A Near-Infrared Neutral pH Fluorescent Probe for Monitoring Minor

pH Changes: Imaging in Living HepG2 and HL-7702 Cells. J. Am. Chem. Soc. 2009, 131, 3016–3023. [CrossRef]
20. Yu, H.; Li, G.; Zhang, B.; Zhang, X.; Xiao, Y.; Wang, J.; Song, Y. A neutral pH probe of rhodamine derivatives inspired by effect of

hydrogen bond on pKa and its organelle-targetable fluorescent imaging. Dyes Pigment. 2016, 133, 93–99. [CrossRef]
21. Zhang, F.; Dong, W.; Ma, Y.; Jiang, T.; Liu, B.; Li, X.; Shao, Y.; Wu, J. Fluorescent pH probes for alkaline pH range based on

perylene tetra-(alkoxycarbonyl) derivatives. Arab. J. Chem. 2020, 13, 5900–5910. [CrossRef]
22. Hecht, M.; Kraus, W.; Rurack, K. A highly fluorescent pH sensing membrane for the alkaline pH range incorporating a BODIPY

dye. Analyst 2013, 138, 325–332. [CrossRef] [PubMed]

http://doi.org/10.1016/j.saa.2019.117506
http://doi.org/10.1016/j.molstruc.2021.132038
http://doi.org/10.1021/jacs.7b08574
http://doi.org/10.1016/j.saa.2021.120031
http://doi.org/10.1016/j.snb.2018.03.133
http://doi.org/10.1002/anie.201301894
http://www.ncbi.nlm.nih.gov/pubmed/23610070
http://doi.org/10.1002/slct.202104387
http://doi.org/10.1021/cr900249z
http://doi.org/10.1016/j.snb.2012.04.076
http://doi.org/10.1021/jp2073123
http://doi.org/10.1039/C9AN00118B
http://www.ncbi.nlm.nih.gov/pubmed/30801584
http://doi.org/10.1021/acs.bioconjchem.9b00734
http://doi.org/10.1039/C6TB00119J
http://doi.org/10.1016/j.ccr.2020.213584
http://doi.org/10.1016/j.dyepig.2021.110074
http://doi.org/10.1039/D1NJ02505H
http://doi.org/10.1016/j.snb.2014.09.107
http://doi.org/10.1016/j.saa.2020.119088
http://doi.org/10.1021/ja809149g
http://doi.org/10.1016/j.dyepig.2016.05.028
http://doi.org/10.1016/j.arabjc.2020.04.033
http://doi.org/10.1039/C2AN35860C
http://www.ncbi.nlm.nih.gov/pubmed/23091817


Sensors 2023, 23, 2044 10 of 10

23. Nguyen, T.H.; Sun, T.; Grattan, K.T.V. Novel coumarin-based pH sensitive fluorescent probes for the highly alkaline pH region.
Dyes Pigment. 2020, 177, 108312. [CrossRef]

24. Wang, R.; Yu, F.; Liu, P.; Chen, L. A turn-on fluorescent probe based on hydroxylamine oxidation for detecting ferric ion selectively
in living cells. Chem. Commun. 2012, 48, 5310–5312. [CrossRef] [PubMed]

25. Abeywickrama, C.S.; Pang, Y. Synthesis of fused 2-(2′-hydroxyphenyl)benzoxazole derivatives: The impact of meta-/para-
substitution on fluorescence and zinc binding. Tetrahedron Lett. 2016, 57, 3518–3522. [CrossRef]

26. Goswami, S.; Das, S.; Aich, K.; Pakhira, B.; Panja, S.; Mukherjee, S.K.; Sarkar, S. A Chemodosimeter for the Ratiometric Detection
of Hydrazine Based on Return of ESIPT and Its Application in Live-Cell Imaging. Org. Lett. 2013, 15, 5412–5415. [CrossRef]
[PubMed]

27. Kim, H.J.; Heo, C.H.; Kim, H.M. Benzimidazole-Based Ratiometric Two-Photon Fluorescent Probes for Acidic pH in Live Cells
and Tissues. J. Am. Chem. Soc. 2013, 135, 17969–17977. [CrossRef]

28. Sun, M.; Du, L.; Yu, H.; Zhang, K.; Liu, Y.; Wang, S. An intramolecular charge transfer process based fluorescent probe for
monitoring subtle pH fluctuation in living cells. Talanta 2017, 162, 180–186. [CrossRef] [PubMed]

29. Rusinska-Roszak, D. Energy of Intramolecular Hydrogen Bonding in ortho-Hydroxybenzaldehydes, Phenones and Quinones.
Transfer of Aromaticity from ipso-Benzene Ring to the Enol System(s). Molecules 2017, 22, 481. [CrossRef]

30. Shan, S.-o.; Loh, S.; Herschlag, D. The Energetics of Hydrogen Bonds in Model Systems: Implications for Enzymatic Catalysis.
Science 1996, 272, 97–101. [CrossRef] [PubMed]

31. Giricheva, N.I.; Ivanov, S.N.; Ignatova, A.V.; Fedorov, M.S.; Girichev, G.V. The Effect of Intramolecular Hydrogen Bond Type on the
Gas-Phase Deprotonation of ortho-Substituted Benzenesulfonic Acids. A Density Functional Theory Study. Molecules 2020, 25, 5806.
[CrossRef]

32. Huque, F.T.T.; Platts, J.A. The effect of intramolecular interactions on hydrogen bond acidity. Org. Biomol. Chem. 2003, 1,
1419–1424. [CrossRef] [PubMed]

33. Yang, Y.; Feng, Y.; Wang, Y.-Z.; Qiu, F.-Z.; Tang, X.-L.; Zhang, G.-L.; Liu, W.-S. A novel ratiometric fluorescent probe for selective
detection of Hg2+, Cr3+ and Al3+ and its bioimaging application in living cells. Sens. Actuator B-Chem. 2017, 253, 1055–1062.
[CrossRef]

34. Segovia-Pérez, R.; Alvarado-Rodríguez, J.G.; Rojas-Lima, S.; López-Ruiz, H.; Andrade-López, N.; Jancik, V.; Cruz-Borbolla, J.;
Martínez-Otero, D. Coordination diversity in tin compounds with bis(benzoxazole)phenol as a polydentate ligand: Synthesis and
crystal structure studies. J. Coord. Chem. 2018, 71, 3790–3805. [CrossRef]

35. Würth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger, U. Relative and absolute determination of fluorescence quantum
yields of transparent samples. Nat. Protoc. 2013, 8, 1535–1550. [CrossRef]

36. Xu, J.; Xu, Z.; Wang, Z.; Liu, C.; Zhu, B.; Wang, X.; Wang, K.; Wang, J.; Sang, G. A carbonothioate-based highly selective fluorescent
probe with a large Stokes shift for detection of Hg2+. Luminescence 2018, 33, 219–224. [CrossRef]

37. Aliabadi, R.S.; Mahmoodi, N.O.; Ghafoori, H.; Roohi, H.; Pourghasem, V. Design and synthesis of novel bis-hydroxychalcones
with consideration of their biological activities. Res. Chem. Intermed. 2018, 44, 2999–3015. [CrossRef]

38. Zhou, Y.; Zhang, L.; Zhang, X.; Zhu, Z.-J. Development of a near-infrared ratiometric fluorescent probe for glutathione using
an intramolecular charge transfer signaling mechanism and its bioimaging application in living cells. J. Mat. Chem. B 2019, 7,
809–814. [CrossRef]

39. Song, L.; Varma, C.A.; Verhoeven, J.W.; Tanke, H.J. Influence of the triplet excited state on the photobleaching kinetics of
fluorescein in microscopy. Biophys. J. 1996, 70, 2959–2968. [CrossRef] [PubMed]

40. Mohammed, O.F.; Luber, S.; Batista, V.S.; Nibbering, E.T.J. Ultrafast Branching of Reaction Pathways in 2-(2′-Hydroxyphenyl)
benzothiazole in Polar Acetonitrile Solution. J. Phys. Chem. A 2011, 115, 7550–7558. [CrossRef]

41. Abou-Zied, O.K.; Jimenez, R.; Thompson, E.H.Z.; Millar, D.P.; Romesberg, F.E. Solvent-Dependent Photoinduced Tautomerization
of 2-(2‘-Hydroxyphenyl)benzoxazole. J. Phys. Chem. A 2002, 106, 3665–3672. [CrossRef]

42. Mosquera, M.; Penedo, J.C.; Ríos Rodríguez, M.C.; Rodríguez-Prieto, F. Photoinduced Inter- and Intramolecular Proton Transfer
in Aqueous and Ethanolic Solutions of 2-(2‘-Hydroxyphenyl)benzimidazole: Evidence for Tautomeric and Conformational
Equilibria in the Ground State. J. Phys. Chem. A 1996, 100, 5398–5407. [CrossRef]

43. Honda, T.; Ishida, Y.; Arai, T. Effect of Intramolecular Hydrogen Bonding on Photocleavage Reaction of (3-Benzazolyl-2-hydroxy-
5-methylphenyl) Methyl Acetate. Bull. Chem. Soc. Jpn. 2016, 89, 1321–1327. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.dyepig.2020.108312
http://doi.org/10.1039/c2cc31426f
http://www.ncbi.nlm.nih.gov/pubmed/22511221
http://doi.org/10.1016/j.tetlet.2016.06.098
http://doi.org/10.1021/ol4026759
http://www.ncbi.nlm.nih.gov/pubmed/24138076
http://doi.org/10.1021/ja409971k
http://doi.org/10.1016/j.talanta.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27837815
http://doi.org/10.3390/molecules22030481
http://doi.org/10.1126/science.272.5258.97
http://www.ncbi.nlm.nih.gov/pubmed/8600542
http://doi.org/10.3390/molecules25245806
http://doi.org/10.1039/b300598d
http://www.ncbi.nlm.nih.gov/pubmed/12929673
http://doi.org/10.1016/j.snb.2017.07.025
http://doi.org/10.1080/00958972.2018.1528498
http://doi.org/10.1038/nprot.2013.087
http://doi.org/10.1002/bio.3404
http://doi.org/10.1007/s11164-018-3290-7
http://doi.org/10.1039/C8TB02864H
http://doi.org/10.1016/S0006-3495(96)79866-1
http://www.ncbi.nlm.nih.gov/pubmed/8744334
http://doi.org/10.1021/jp202277t
http://doi.org/10.1021/jp013915o
http://doi.org/10.1021/jp9533638
http://doi.org/10.1246/bcsj.20160192

	Introduction 
	Materials and Methods 
	Materials and Instruments 
	Synthesis of bis(HBX) Derivatives A1, A2, and C1) 
	General Procedure of Bis-Benzothiazolyl Phenol Derivatives (A1, A2) B33-sensors-2200542 
	General Procedure of Bis-Benzoxazolyl Phenol Derivatives (C1) B34-sensors-2200542 

	Screening of the Bis(HBX) Derivatives 
	Calculation of the pKa and Quantum Yield () 
	Photostability, Ionic Interference, and Reversibility Study 

	Results and Discussion 
	Synthesis of the Bis(HBX) Derivatives for Fluorescent Probes 
	Spectroscopic Properties of the Bis(HBX) Derivatives 
	Fluorescence Response of the Selected Probes (A1, A2, and C1) to pH 
	Photostability, Reversibility, Ionic Interference Study, and the Applicability of the Selected Probes 

	Conclusions 
	References

