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Abstract: Deviation of the H+ concentration from optimum values within the organelles is closely 
associated with irregular cellular functions that cause the onset of various diseases. Therefore, 
determining subcellular pH values in live cells and tissues is valuable for diagnostic purposes. In this 
study, we report a novel ratiometric fluorescence probe 1H-pyrazole-3-carboxylic acid, 
4-(benzo[d]thiazol-2-yl)-3-(2,4-dihydroxy-3-methylphenyl)-1H-pyrazole-5-carboxylicacid4-(2-benz
othiazolyl)-5-(2,4-dihydroxy-3-methylphenyl), to which we will refer as ThiAKS Green (Thiazole 
AKyol shifting green), that is pH sensitive. The results presented here show that the probe can 
penetrate the cell membrane in less than 30 minutes and does not show any detectable toxicity. The 
measured color shifts up on pH change are linear and most significant around physiological pH 
(pKa=7.45), thus making this probe suitable for live-cell imaging and intracellular pH measurements. 
During the long-incubation periods following the application of the probe and the fluorescent 
microscopy measurements, it shows stable properties and is easy to detect in live cells. In conclusion, 
the results suggest that ThiAKS Green can be used to obtain precise information on the H+ 
distribution at various compartments of the live cells. 
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1. Introduction 

Intracellular pH (pHi) homeostasis is essential 

for most cellular activities, such as cell volume, 

vesicle transportation, cellular metabolism, cell 

membrane polarity, muscle contraction, and 

cytoskeletal interactions [1–6]. Moreover, the level 

of intracellular messengers, which has an impact on 

cell signaling pathways, can also be influenced by 

pHi [7, 8]. The pHi differs in most cellular 

compartments, which provides unique conditions for 

maintaining desired reactions [9]. For instance, the 

lysosome has a slightly acidic environment, which is 

crucial for the function of this organelle, such as the 

breakdown and/or recycling of molecules [10]. In 

contrast, the nucleus and cytoplasm have neutral pH 

to sustain molecular transfer [11]. The pHs of the 

Golgi and ER are also known to be around neutral 

pH, 6.7 and 7.2, respectively [9]. The pH can further 

fluctuate between different compartments of an 
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organelle due to their functional differences. For 

example, mitochondria have higher pH in the matrix 

but near-neutral pH (7 – 7.4) in the intermembrane 

space [12]. These variations create specific 

environments for each of these compartments, 

contributing to their biological functions. Therefore, 

monitoring the pH changes can enhance our 

understanding of how physiological and 

pathological processes proceed [13]. In that respect, 

the ability to precisely measure the fluctuation in the 

pH may provide a broadened understanding of 

certain diseases. Noncharacteristic pH values are 

often linked to some cancer types [14] and 

neurodegenerative diseases [15]. The acidic 

extracellular environment is a typical characteristic 

observed in many cancer cases and could be related 

to the invasiveness of malignant cells. Specifically, 

while the extracellular pH of normal cells is 7.3 – 7.4, 

it can drop to 6.2 – 6.9 in cancer cells [16].  

Intracellular pH differences determine the fate of 

cellular events and reactions [11]. Detection of 

abnormal pH values in specific cellular 

compartments is crucial and may provide an 

efficient way to understand better the basis of these 

progressions and dysfunctions [17]. There have been 

several methods used for pH detection in live cells, 

including the usage of a pH-sensitive microelectrode 

that requires a physical insertion of the electrode 

into each cell or a solution under study. Even though 

some of these methods provide sensitive pH 

measurements of the solution by refractive index or 

surface charge, they can not target a specific cell 

organelle [18, 19]. Similarly, nuclear magnetic 

resonance (NMR) measurements can be used to 

determine the pH differences. All of these methods 

have been reported to show some difficulty in 

targeting a specific cell compartment or even a 

single cell [17]. On the other hand, fluorescence- 

based ratio-metric pH probes have several 

advantages over these measurements [13]. These 

probes can enable visualization of the cells and help 

differentiate pH within specific cell compartments 

[20] without harming the cells or disrupting cellular 

activities caused by methods used for measurement, 

allowing these probes invaluable for live-cell pH 

studies [21]. Additionally, the use of ratiometric 

probes will enable the researcher to carry out 

systematic error corrections of the measurements 

[22].  

In this study, we have provided a novel, 

non-toxic ratiometric pH probe that can penetrate 

through biological membranes, thus enabling the pH 

measurements in specific compartments of live cells. 

2. Materials and methods 

2.1 Reagent 

The 1H-Pyrazole-3-carboxylic acid, 

4-(2-benzothiazolyl)-5-(2,4-dihydroxy-3-methylphe

nyl (ThiAKS Green) purchased from InterBioScreen 

was dissolved in 100% DMSO (dimethyl sulfoxide) 

at a concentration of 10 mM and stored at –80 ℃ 

for future use.  

2.2 Fluorescence and UV-Vis spectrum of the 
probe at varying pHs 

The fluorescence spectrum of the chemical was 

obtained at 50 µM concentration in 50 mM 

acetate-acetic acid, 1X PBS (phosphate buffer 

saline), and 50 mM Glycine-NaOH solutions at pH 4, 

7, and 10, respectively. The effect of the incubation 

period was also tested. Measurements were 

performed with the Molecular Device Spectramax 

Id3 microplate reader. The ultraviolet-visible 

spectroscopy (UV-Vis) spectrum of the compound 

was obtained in the same buffer solutions at 50 µM 

concentration in Thermo Scientific Multiscan Go 

with 1 mL quartz cuvettes with 2 nm bandwidth.  

2.3 pKa measurement 

pKa was calculated by using the fluorescence 
intensity ratio 450/520 over 360/520 (I450/360) in 14 

different buffer solutions, pH 4.8, 5.5 (50 mM 
acetate buffer), 5.8, 6.2, 6.70 (1X PBS), 7.05, 7.20, 
7.50, 7.75, 8.05 (50 mM Tris-HCl), 8.25, 8.50, 8.75, 

8.95, and 9.40 (50 mM Glycine NaOH). Samples 
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were incubated in these buffers for 1.5 hours at 37 ℃ 
before fluorescence measurement in Molecular 
Devices Spectramax id3 plate reader. The excitation 
and emission bandwidth used were 15 nm and    

25 nm, respectively. 

2.4 Cell culture  

HEK 293 (human embryonic kidney) cells were 
cultured in 90% v/v dulbecco’s modified eagle’s 

medium (DMEM) with L-glutamine (Gibco, REF 
41966-029), 10% v/v heat-inactivated fetal bovine 
serum (Biological Industries REF 04-127-1B), and 

1% v/v penicillin/ streptomycin solution (Biological 
Industries REF 03-031-1B). Cells were grown at 
37 ℃  in a humidified 95% air and 5% CO2 

atmosphere. The cells were routinely sub-cultured 
twice a week. 

2.5 MTT toxicity assay 

HEK 293 cells were seeded on clear F-bottom 

plastic 96-well microplates with the density of    
20 000 cells at 100 L final volume in the complete 
medium, then incubated in a cell culture incubator 

for 20 hours. The test compound was added at    
50 µM and 100 M concentrations and incubated for 
4 hours. After that, samples were removed from the 

incubator, and 10 L MTT 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyl-2H- tetrazolium bromide solution 
was added to each well and incubated for an 

additional 4 hours. Finally, 100 L detergent solution 
[10% sodium dodecyl sulfate (SDS) in 0.01 M HCl] 
was added to each well to dissolve the formed 

formazan crystals. The plates were shaken for      
5 minutes and then incubated at ambient conditions 
for 16 hours. Absorbance was measured at 570 nm 

with Thermo Scientific Varioskan Lux microplate 
reader. 

2.6 Ion interference on fluorescence of the probe  

The interference on the I450/360 ratio of various 

abundant metal ions and trace elements found in live 
cells and a redox specie H2O2 were investigated. For 
this purpose, each ion and molecule was prepared in 

250 mM Tris-HCl buffer at pH 7.35, then 50 M of 

ThiAKS Green was added to the solutions. After  
1.5 hours of incubation at 37 ℃ , fluorescent 
measurements were carried out by the Molecular 
Devices Spectramax id3 plate reader. 

2.7 Fluorescent microscope imaging and 
intracellular pH measurement 

For localization and intracellular pH 

measurement experiments, 150 000 HEK 293 cells 

were seeded on poly-D-lysine (PDL) coated 35 mm 

glass-bottom petri dishes. Twenty-four hours later, 

cells were transfected with NLS-mCh. (nuclear 

localization signal fused mCherry fluorescent 

protein) or Golgi-targeted mCh. using 

Lipofectamine LTX™ transfection reagent. 

Localization experiments were carried out on 

NLS-mCh. transfected cells. After 48-hour     

post-transfection, cell media was aspirated and 

replaced with either 0.5% (v/v) DMSO or 50 M of 

ThiAKS Green containing 1 mL hanks’ buffered 

saline solution (HBSS), then incubated for another 

1.5 hours in the cell culture incubator. HBSS buffer 

was aspirated and replaced with 1X PBS before 

imaging. Similarly, intracellular pH measurements 

were carried out in two sets of Golgi-targeted mCh. 

carrying plasmids transfected HEK 293 cells. After 

two-day post-transfection, cell media was aspirated 

and replaced with either 0.5% (v/v) DMSO (for 

background calculations) or 50 M of ThiAKS 

Green containing 1 mL HBSS buffer, then incubated 

for another 1.5 hours in the cell culture incubator. 

HBSS buffer was aspirated and replaced with 1X 

PBS before imaging. All fluorescent microscopy 

imagings were performed using Leica DMI 4 000 

Microscopy with a Leica 100X/1.40 HCX APO oil 

DIC objective. Cells were imaged using DAPI    

(4′,6-diamidino-2-phenylindole) (ex: 365±20, em: 

470±20), EGFP (ex: 485±10, em: 525±25), and 

mCh (ex: 585±15, em: 630±20) filters. Intensities 

in DAPI and enhanced green fluorescent protein 

(EGFP) channels were measured by Image J 

software for ratiometric calculations. 
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2.8 Computational studies  

Computational studies on the fluorophore 

ThiAKS Green were performed to analyze its 

electronic structure. All the calculations were 

performed using the B3LYP/6-311+G(d) basis set as 

implemented in Gaussian 09 software [23]. 

Three-dimensional structures were visualized using 

the Jmol software. 

2.9 Statistical analysis  

All the graphs were plotted in Graphpad Prism 

version 8.0.1. All experiments were performed in 

triplicates, and the results were presented as mean 

±SEM (standard error of mean). The statistical 

analyses were carried out in GraphPad Prism using 

two-way analysis of variance (ANOVA) followed by 

the Tukey test. 

3. Results and discussion  

3.1 Characterization of ThiAKS Green 

The chemical structure of ThiAKS Green is 

shown in Fig. 1.  
 O 
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Fig. 1 Chemical structure of ThiAKS Green, 1H-pyrazole- 

3-carboxylic acid, 4-(benzo[d]thiazol-2-yl)-3-(2,4-dihydroxy-3- 
methylphenyl)-1H-pyrazole-5-carboxylic acid4-(2- 
benzothiazolyl)-5-(2,4-dihydroxy-3-methylphenyl). (Taken from 
ZINC database) CAS Registry number: 384367-09-3. 

The UV-Vis absorption spectrum of ThiAKS 

Green was plotted in various buffer solutions with 

the following pH values: 4, 7, and 10. The probe 

showed an absorption maximum at around 230 nm 

under all conditions tested. Additionally, a second 

absorption peak was observed around 320 nm at  

pH 4, whereas this absorption peak was absent in 

solutions having higher pH values (Fig. 2). 
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Fig. 2 Absorption spectrum of ThiAKS Green at pH 4.0, 7.0, 

and 10.0. 

The fluorescence properties of the probe were 

investigated (both excitation and emission spectra 

were measured) under three different pH values: 4, 7, 

and 10. The excitation spectrum of the probe (em: 

540 nm) showed that a total of three separate 

excitation peaks existed, and the intensities of these 

peaks were varied at each pH tested (Fig. 3). In 

particular, two low-intensity peaks were observed 

around 275 nm and 365 nm at pH 4, whereas the first 

excitation peak (275 nm) significantly increased at 

pH 7. In addition to these two peaks, another 

excitation peak emerged around 450 nm at pH 10. 

Notably, 30-minute incubation time improved this 

excitation peak at pH 10.  
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Fig. 3 Excitation spectrum of ThiAKS Green at pH 4, 7, and 

10 and the emission wavelength at 540 nm. 

The emission spectrum was obtained separately 

for each excitation peak at 360 nm and 450 nm  

[Figs. 4(a) and 4(b), respectively]. Relatively low 

emission intensities were observed at both excitation 

wavelengths at pH 4. As a result, these findings 

suggested that the probe had two distinct emission 
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peaks at 450 nm and 520 nm.  

Observation of improvements in the fluorescent 

emission intensity at 520 nm upon pH and 

incubation time variation suggested that high pH 

values induced a conformational change that 

resulted in red-shifted fluorescence emission.  

Following the observation of a significant 

intensity increase at 520 nm at high pH, we carried 

out the pKa calculation using the intensity ratio of 

I450/360 (ex: 450/360 nm; em: 520 nm). The rationale 

for choosing these wavelengths was to avoid 

exposure of the cells to intense UV light (275 nm). 

Moreover, this choice also avoided the necessity of 

using UV-compatible optics and a UV light source 

that might be missing on some microscopes. The 

measured ratio I450/360 changed from 0.05 to 0.6 

while pH increased from 4.8 to 9.40 (±0.02). Using 

this ratio, we calculated the pKa value of the probe 

as 7.45 (Fig. 5). These calculations, with the fact that 

the pH of most cellular compartments fluctuated 

around neutral pH levels, provided an advantage to 

ThiAKS Green compared to the frequently used pH 

probes in the literature, such as RhB-R12K-FITC 

[24]. 
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Fig. 4 Emission spectrum of ThiAKS at pH 4.0, 7.0, and 10.0: (a) excitation wavelength at 360 nm and (b) excitation wavelength at 

450 nm. Data mean ±SEM experiment performed duplicate.  
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Fig. 5 Plot of pH versus I 450/360 (emission 520 nm). Data 

mean ±SEM experiment performed duplicate. 

3.2 Computational analysis 

ThiAKS Green contains a central 1,2-diazole 

ring, which is responsible for the formation of two 

tautomer forms, namely, 1H-ThiAKS and 2H- 

ThiAKS. Computations were carried out using four 

structures: 1H-ThiAKS, 2H-ThiAKS, as well as 

their deprotonated carboxylate forms, 

1H-ThiAKS-dep and 2H-ThiAKS-dep, respectively. 

It was found that the protonated form 1H-thiAKS 

was lower in free energy than the other tautomers, 

by 5.67 kcal/mol. Interestingly, for the deprotonated 

form, 2H-thiAKS-dep was lower in energy by      

15.27 kcal/mol. This behavior was due to the 

H-bonding formed between the phenolic hydrogen 

and the diazole moiety. The calculated free energies 

of the structures were compared between protonated 

and deprotonated forms. The highest occupied 

molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) levels were shown in 

Table 1, and HUMO-LUMO images were given in 

Fig. 6. The time dependent density functional theory 

(TD-DFT) calculations were carried out on the 

optimized structures to obtain theoretical vertical 

excitation values. TD-DFT calculations were 



                                                                                             Photonic Sensors 

 

Page 6 of 10

performed using the CAM-B3LYP/6-311+G(d) basis 

set as implemented in Gaussian 09 software. The 

calculations’ accuracy was checked by comparing 

the experimental UV-Vis absorption spectra to the 

calculated oscillator strengths. The calculated 

oscillator strengths of the protonated forms were 

compared to the absorption data at acidic pH, 

whereas those of the deprotonated forms were 

compared to absorption data at basic pH. Both 

absorption and oscillator strengths were normalized 

for qualitative comparison (data not shown). The 

computational results were shown to be in 

correspondence with corresponding experimental 

data. 

1H-ThiAKS-dep HOMO 1H-ThiAKS-dep LUMO 2H-ThiAKS-dep HOMO 2H-ThiAKS-dep LUMO 

1H-ThiAKS HOMO 1H-ThiAKS LUMO 2H-ThiAKS HOMO 2H-ThiAKS LUMO  

Fig. 6 HOMO-LUMO images of ThiAKS Green. 
 

Table 1 Homo and Lumo levels of the probe. 

 HOMO (eV) LUMO (eV) Energy gap (eV)

1H-ThiAKS –5.73 –1.47 4.26 

2H-ThiAKS –5.88 –2.18 3.71 

1H-ThiAKS-dep –1.58  1.52 3.11 

2H-ThiAKS-dep –2.47  1.61 4.08 

3.3 Toxicity of ThiAKS Green 

In order to assess the toxicity of ThiAKS Green, 

HEK 293 cells were used as a model system. The 

toxicity of the chemical was tested at two different 

concentrations (50 M and 100 M) with the MTT 

test (Fig. 7). Since the chemical was dissolved in 

100% DMSO, an additional group was used in the 

test as control which was named “the control veh.”. 

The results showed that, while 1% DMSO caused a 

~ 30% decrease in HEK cell viability, this effect 

almost vanished in the presence of the chemical. 

This observation indicated the non-toxic character of 

the chemical. The MTT reagent and ThiAKS Green 

interaction were also tested in no cell-containing 

HEK media to ensure the observed results not due to 

such interactions. 
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Fig. 7 Toxicity test of the ThiAKS Green at 50 µM and   

100 µM concentrations. *p<0.05, ****p<0.000 1 statistically 
significant differences. Data mean ±SEM experiment performed 
triplicate replicas. 

3.4 Interference of abundant ions on ThiAKS 
Green 

The interference of redox species H2O2 at    
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100 M and the most abundant elements in cell Na+, 
K+, Ca2+, and Mg2+ were tested at 50 mM, 150 mM,  
1 M, and 1 mM, respectively. The concentrations 
used were based on the free intracellular 

concentrations of these elements [25, 26].  
Also, we tested some of the trace elements: Al3+, 

Cu2+, Fe3+, and Ni2+ at 1 M (above intracellular 
concentrations). Results indicated that Ni2+ and Cu2+ 

showed a decreasing effect on the I450/360 while other 
elements had no such interference (data not shown). 

We also investigated whether the concentration 
of the probe altered the I450/360 ratio. For this, three 

different concentrations (25 M, 50 M, and 75 M) 
of the probe were investigated at pH 7.20 and the 
I450/360 ratio compared to each other (Fig. 8). The 

results showed that the I450/360 ratio was not affected 
by the concentration of the probe. 

3.5 Imaging and localization of ThiAKS Green 

The intracellular localization of the probe was 

determined by the fluorescent microscope using 

HEK cells transfected with the nucleus targeted 

mCh. carrying plasmid. 

After 1.5 hours of exposure to 50 M of the 

probe or 0.5% (v/v) DMSO, samples were imaged in 

bright-field, DAPI, EGFP, and mCh. channels   

(Fig. 9). The probe could be detected in the 

cytoplasm and emitted strong fluorescence around 

the cell membrane. 
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Fig. 8 Concentration effect on ratio I450/360 at pH:7.20: (a) ratio I450/360 (emission 520 nm), (b) intensity in 360/520, and (c) intensity 

in 450/520. ****p<0.0001 statistically significant differences. ns: no significant differences. Data mean ±SEM experiment performed 
triplicate. 
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Fig. 9 Fluorescent microscope images of NLS-mCh. expressing HEK 293 cells treated with 0.5% DMSO [(a)–(d)] or 50 M 
ThiAKS Green [(e)–(h)] for 1.5 hours: (a) bright-field image, (b) mCh. channel, (c) DAPI Channel, (d) EGFP channel, (e) bright-field 
image, (f) mCh. channel, (g) DAPI channel, and (h) EGFP channel. (Magnification 100X, scale bars are 5 µm).  



                                                                                             Photonic Sensors 

 

Page 8 of 10

3.6 Intracellular pH measurement of HEK 293 
cells 

To demonstrate that ThiAKS Green was suitable 

for measuring intracellular pH, we used HEK 293 

cells as a model system, and the Golgi organelle was 

chosen for the pH measurement as a proof of 

concept measurement. First, we plotted a calibration 

curve for I450/360, which indicated a 10-fold increase 

between pH 5.9 and 8.0 (Fig. 10). 
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Fig. 10 Calibration curve EGFP/DAPI and I450/360. 

As a proof of concept, we chose to demonstrate  

the pH measurement of the Golgi by using the 

EGFP/DAPI ratio. Considering the microscopes 

might have different light sources and filters for 

each channel, we measured the intensity of the light 

coming out of the objective lens (both LUX and 

photon count) with the help of a luminometer. In 

order to make each channel’s intensity comparable, 

the excitation power of each line was adjusted 

accordingly. Following these adjustments, we 

measured the pH of intracellular organelles such as 

the Golgi (taking advantage of a Golgi-targeted mCh. 

for determining the region of interest around Golgi). 

Only DMSO treated sample (figures not shown) was 

used for background calculations. The ratio of 

EGFP/DAPI was calculated by ImageJ software and 

extrapolated with the equation obtained from the 

calibration curve (Fig. 10). In agreement with the 

literature, our calculated results showed that the pH 

of the Golgi was 6.75. Meanwhile, the pH of the cell 

membrane was calculated as 6.38. (Fig. 11). 
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Fig. 11 Fluorescent microscope images of HEK cells transfected with Golgi targeted mCh. and treated with 50 µM ThiAKS Green: 
(a) mCh. channel, (b) DAPI channel, (c) overlay of (a) and (b), (d) image from EGFP channel, and (e) calculated pH from ratio 
EGFP/DAPI intensities of membrane and Golgi (Magnification 100X, scale bars are 5 µm). 

 

4. Conclusions 

The results presented in this study indicated that 

the new small organic fluorescent pH probe 

“ThiAKS Green” was suitable for intracellular pH 

measurements. This new probe had no cell toxicity 

at 50 M and 100 M concentrations tested during 

this study and showed adequate cell-penetrating 

properties for microscopy imaging. Moreover, the 

calculated pKa value (7.45) suggested that the probe 

was ideal for pHi measurement. Although it was 

observed that the ThiAKS Green was located 

throughout the live cells, it was readily detectable 

around the cell membrane. This allowed direct 

measurements of the membrane pH without the 

necessity of specific probe targeting. These 

observations suggested that the probe could be 

convenient in cancer-related studies for measuring 

membrane pH fluctuations. The availability of at 

least two different ratios that could be used to 

calculate pHi made this probe suitable for various 

instruments that could have limited excitation and 

emission capabilities. Although the EGFP/DAPI 

ratio was less sensitive than the I450/360 ratio, it was 
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sufficient to distinguish pH 6.75 from pH 6.38 under 

our experimental conditions using a standard 

fluorescent microscope. Nevertheless, in need of a 

more sensitive measurement, I450/360 ratio can be 

used. 
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