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Abstract 

In this work, we have performed an in-depth study of the photophysics and 

solvatofluorochromism of a red-emitting Si-xanthene dye, an analog of Tokyo Magenta (TM) 

historically developed by Egawa et al (Chem. Commun. 2011, 47, 4162-4164). The results show 

a strong dependency of the emission properties of 2-Me-4-OMe-TM on the polarity of the 

solvent. For instance, the dye exhibited an increase in its fluorescence lifetime with the 

decrease in solvent polarity. Therefore, in this work, this spectral behavior has been used as a 

new approach for determining the intracellular microenvironment polarity through the 

measurement of its fluorescence lifetime by Fluorescence Lifetime Imaging Microscopy (FLIM). 

Our experiments confirmed the ability of the dye to detect changes in polarity between 

different intracellular compartments. 
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1. Introduction 

In the last few years, chemical modifications of the prototype fluorescein scaffold have 

produced a great variety of new fluorescent xanthene-based dyes with tailored photophysical 

properties.[1] However, all these derivatives present a common drawback: they exhibit 

absorption and emission wavelength maxima in the green region of the visible spectral range. 

On the other hand, the replacement of the oxygen atom at the 10´ position of the xanthene 

moiety by a silicon atom has a significant impact on the photophysical properties, thus 

producing a usually desirable red-shift in their absorption and emission maxima.[2] For reviews, 

see can be found also.[3] These new derivatives are now synthetically accessible, and more 

importantly, their applications in biosensing and bioimaging has been demonstrated.[4] Within 

this context, our research group has recently described the presence of an excited-state 

proton transfer (ESPT) reaction promoted by the species of phosphate buffer in these 

fluorophores.[5] When an adequate proton donor/acceptor pair, as a phosphate buffer species, 

is present, this ESPT reaction produces a change in the fluorescence lifetime that depends on 

the total phosphate concentration and is therefore a useful method for phosphate detection. 

Remarkably, silicon-containing fluorophores are spontaneously incorporated into cells and can 

be used to monitor intracellular phosphate fluxes using fluorescence lifetime imaging 

microscopy (FLIM).[6] FLIM is an excellent approach for studying biological systems because of 

the inherent advantages of this technique, such as fluorophore concentration independence or 

easy autofluorescence avoidance.[7] FLIM incorporates the advantages of fluorescence probes 

but uses fluorescence lifetime as a sensing parameter. In FLIM, intensity images are recorded 

together with fluorescence lifetime, allowing a multiparameter analysis of data. FLIM-based 

intracellular probes have been successfully used in the determination of pH,[8] calcium[9] and 
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phosphate[6] ions, temperature[10]and microviscosity.[11] The incorporation of the new family of 

fluorescein red derivatives in FLIM methodology thus opens new opportunities in the research 

of biological systems, where this technique is preferentially used. In this context, we designed, 

synthesized and described a modified fluorophore,[12] 7-hydroxy-10(4-methoxy-2-

methylphenyl)-5,5-dimethyldibenzo[b,e]silin-3(5H)-one (2-Me-4-OMe-TM), which could act as 

a dual multiplexed intracellular detector of biothiols and phosphate ions.[12] However, although 

the decrease in the fluorescence lifetime was consistent and allowed the phosphate flux in the 

cell to be monitored, an in-depth study of the buffer-mediated ESPT reaction was lacking. In 

this work, we unraveled the full excited-state behavior of 2-Me-4-OMe-TM. With this 

information in hand, we found that when this dye was employed in intracellular FLIM imaging, 

the fluorescence lifetime was less sensitive towards phosphate ions than the behavior 

predicted by the ESPT reaction. For this reason, a deep study has been conducted to unravel 

the reasons for this anomalous behavior. We considered that a combination of different 

effects might influence the dynamics of the excited state of 2-Me-4-OMe-TM. Because 

cytoplasm is a complex matrix with multiple compartments and macromolecules, we 

evaluated whether dye-macromolecule interactions or changes in the polarity of the 

microenvironment surrounding the dye could change the photophysical properties of 2-Me-4-

OMe-TM. 

One of the reasons behind this anomaly could be the presence of solvatochromic effects in the 

red fluorescent 2-Me-4-OMe-TM dye. Solvatochromism is the characteristic of a chromophore 

that undergoes a shift in its absorption and/or emission wavelengths when the substance is 

dissolved in solvents with different polarities. For shifts in the emission spectra we refer to this 

phenomenon as solvatofluorochromism. This effect has multiple applications in biological and 

biomedical research to study local polarity in biological structures, changes in the protein 

conformation or biomolecule interactions.[13] Despite its wide use, solvatochromism is an 

unclear phenomenon[14] in which different interactions and dynamic processes are involved. 
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These interactions are divided into two types: specific (e.g., hydrogen bonding, charge shift, 

probe-probe interactions, conformational changes) and nonspecific (when the shift is 

produced by the nature of the solvent, characterized by the dielectric constant and the 

refractive index)[15] 

To shed light on the solvatofluorochromic behavior of 2-Me-4-OMe-TM, we have now carried 

out an in-depth photophysical study of this red dye using different solvents and different 

correlation approaches: the Lippert-Mataga equation, the Catalan and ET(30) analysis. The 

proper use of the solvatofluorochromic behavior of the dye could reveal the presence of the 

probe in environments with different polarities. To check this assertion, we have also 

incorporated the probe into a micellar system. We also found a strong solvatofluorochromic 

effect between protic and aprotic solvents due to specific interactions between the probe and 

solvent molecules. With all these data, we have reached a deeper understanding of the 

excited-state dynamics of the hetero-xanthene dye, facilitating its efficient use as a FLIM 

probe. 

2. Materials and methods 

2.1 Instrumentation 

UV-visible absorption spectrophotometry and steady-state fluorimetry were carried out using 

a Lambda 650 UV-visible spectrophotometer (PerkinElmer, Waltham, MA, USA) and a Jasco FP-

8300 spectrofluorometer (Jasco, Tokyo, Japan), respectively. Fluorescence lifetime decays 

were recorded by the single-photon timing method using a FluoTime 200 fluorometer 

(PicoQuant GmbH, Berlin, Germany). The excitation source was a pulsed diode laser, LDH−530 

(PicoQuant), operated at a repetition rate of 20 MHz. Fluorescence decay histograms were 

collected at 600, 605 and 610 nm over 1320 channels, with a time increment per channel of 37 

ps. Histograms of the instrument response functions (using a LUDOX scatterer) and sample 

decays were recorded until they reached 2 × 104 counts in the peak channel. The fluorescence 
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decay traces were globally analyzed using an iterative deconvolution method with exponential 

models using FluoFit software (PicoQuant). 

2.2 Cell culture 

HEK293 cells (ATCC: CRL-1573) were provided by the Cell Culture Facility, University of 

Granada. HEK cells were grown in Dulbecco´s modified Eagle´s medium (DMEM) supplemented 

with 10% (v/v) FBS, 2 mM glutamine, 100 U/mL penicillin and 0.1 μg/mL streptomycin in a 

humidified 5% CO2 incubator. 

For the FLIM microscopy experiments, cells were seeded onto 25 mm coverslips in 6-well 

plates at a density of 22.5×104 cells/well. For their visualization, the samples were washed 

three times using phosphate buffered saline (PBS) and bathed into Krebs-Ringer phosphate 

(KRP) buffer composed of 118 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1.2 mM KH2PO4 and 30 mM 

HEPES with 2×10−7 M of 2-Me-4-OMe-TM. 

2.3 Species-associated emission spectra (SAEMS) 

Fluorescence decay traces were collected from 546 to 670 nm, with a  of 2 nm, in a discrete 

period of time, subsequently corrected and then normalized to the corresponding steady-state 

emission spectrum. The equation used to calculate the SAEMS for each detected species, i, was 

the following: 

 

𝑆𝐴𝐸𝑀𝑆 (𝜆𝑒𝑚)𝑖 =
𝐴𝑖,𝜆𝑒𝑚 × 𝜏𝑖

∑(𝐴𝑖,𝜆𝑒𝑚 × 𝜏𝑖
)

× 𝐼𝑠𝑠,𝜆𝑒𝑚
 

 

where 𝐴𝑖,𝜆𝑒𝑚
is the amplitude of species i at the emission wavelength em, 𝜏𝑖 is the 

fluorescence lifetime of species i, and𝐼𝑠𝑠,𝜆𝑒𝑚
 isthe steady-state emission spectrum. 

 

2.4 FLIM bioimaging 
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FLIM images were recorded on a MicroTime 200 fluorescence-lifetime microscope system 

(PicoQuant) using the same excitation source described earlier. The light beam passed through 

a dichroic mirror (532dcxr, Chroma) and through the oil immersion objective (1.4 NA, 100×) 

specific to an inverted microscope system (IX-71, Olympus). The fluorescence emitted light was 

collected back through the objective, filtered by a long-pass filter (550LP, AHF/Chroma), and 

directed to a 75-μm confocal aperture. The light was transmitted to a 630/60 bandpass filter 

(Thorlabs) and focused on single-photon avalanche diodes (SPCM-AQR 14, Perkin Elmer). The 

data were collected by a TimeHarp 200 TCSPC module (PicoQuant), and raw fluorescence 

lifetime images were acquired by a scanner with 512 × 512 pixel resolution. To obtain the 

fitted FLIM images, a spatial binning of 2 × 2 pixels was performed with SymphoTime software, 

and the matrix data were exported and analyzed by a home-coded Fiji ([Fiji Is Just] ImageJ) 

program.[16] 

3. Results and discussion 

3.1 Solvatofluorochromism. 

The dye 2-Me-4-OMe-TM was prepared as described in the Appendix A (Scheme A1). 2-Me-4-

OMe-TM was dissolved in 16 different solvents, and we measured its absorption spectra 

(Figure A1), steady-state fluorescence spectra (Figures A2 and A3), quantum yields (Table A1), 

and fluorescence lifetimes (Table A2). The comparison of the spectra showed important 

changes in the photophysical properties of the dye dissolved in different solvents. 

Interestingly, according to the dye’s spectroscopic features, we found two different groups of 

solvents. In the first group, the dye’s absorption was characterized by a band centered 

between 420 and 446 nm; in the second group, the dye presented two absorption bands, one 

centered between 434 and 474 nm and the other between 592 and 613 nm. The main feature 

of most of the solvents in which the dye displayed two absorption bands is their marked acidic 

character. This dual-band absorption was found when the dye was dissolved in alcohols, which 
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are polar, proton donor solvents, with the exception of DMSO and acetonitrile. In contrast, the 

dye dissolved in aprotic solvents exhibited single-band absorption. Moreover, it is remarkable 

that the highest quantum yield values corresponded to the dye dissolved in protic solvents, in 

which the dye displayed two absorption bands. As representative examples of the 

aforementioned features, Figure 1 shows the normalized absorption and fluorescence 

emission of 2-Me-4-OMe-TM in acetone, acetonitrile and butanol, representing solvents in 

which the dye showed either one- or two-band spectral features. 

A) 

 

B)

 

C) 

 

Figure 1. Representative normalized (A) absorption spectra and (B and C) emission spectra, 

with (B) λex = 440 and (C) λex = 530 nm, of compound 2-Me-4-OMe-TM in three solvents: 

acetone (black), acetonitrile (red) and butanol (blue). 

 

Because on its lipophilic character, we have considered the possibility that 2-Me-4-OMe-TM 

may undergo aggregation in polar solvents, being these aggregates responsible of the red-

band fluorescence emission. To unravel this, we measured the fluorescence intensity from 

concentrations as low as 1×10−7 M, up to high 2-Me-4-OMe-TM concentrations (1×10−5 M) in 

water (Figure A4A). As aggregation depends on the concentration, low quantities of 2-Me-4-

OMe-TM should reduce aggregation. To unambiguously discard any aggregation, we plotted 

the emission intensity vs the 2-Me-4-OMe-TM concentration. Our results showed always the 

same emission shape in all the concentrations studied, except at the highest concentrations in 

which auto-absorption caused a slight red-shift in the emission band (see Figure A4B). 
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However, selecting another wavelength with less inner filter effect (620 nm), we obtained a 

perfect linear behavior in the complete range studied. The fulfillment of the Kavanagh’s Law 

suggests that aggregation in polar solvents can be considered negligible. 

To study the solvent dependency based on solvent-dye nonspeficic  interactions, we followed 

the Lippert-Mataga equation (See Appendix A).[17] This equation describes the Stokes shift () 

as a consequence of the changes in the dipole moment after the excitation and the dipole 

energy in solvents with different dielectric constants (ε) and/or refractive index (n) (Table A3), 

where both parameters are included in the orientation polarizability (∆𝑓). 

 

 

Figure 2. Lippert-Mataga representation of orientation polarizability of 2-Me-4-OMe-TM 

dissolved in different solvents. 

 

Figure 2 shows the plot of the experimental Stokes shift values versus ∆𝑓, following the 

Lippert-Mataga representation. For solvents in which the dye presented a double absorption 

band, we calculated two values: one selecting the blue-shifted (triangles) and the other 

selecting the red-shifted (open circles) absorption band. We observed two main trends marked 

by dashed lines. The first trend is observed in those solvents for which the dye presented a 
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single band (aprotic solvents) and for the blue-shifted band of the solvents in the protic group. 

The second trend involves the red-shifted band of the protic solvents. The difference in the 

trends between aprotic and protic solvents suggests that 2-Me-4-OMe-TM presents specific 

interactions with solvents such as butanol, ethanol, methanol, acetonitrile or water.[18] This 

interaction could be the formation of hydrogen bonds between the fluorophore and the 

solvent; in fact, with the exceptions of acetonitrile and DMSO, the rest of the solvents in this 

group stand out for their high acidity and proton donor capacity.[19] This fact supports the idea 

of different electronic densities of the 2-Me-4-OMe-TM dye depending on whether it is 

forming hydrogen bonds. 

The presence of specific hydrogen bonding effects of the solvents makes the Lippert-Mataga 

formalism insufficient; therefore, we employed a complementary solvatochromic study based 

on the methodology reported by Catalan.[15] In brief, the analysis is based on four empirical 

solvent scales, i.e., polarizability (SP), dipolarity (SdP), acidity (SA) and basicity (SB), hence 

taking into account both general effects and specific hydrogen bonding features of the 

solvents. The major advantage of the Catalan methodology is that it allows the separation of 

the relative contribution of the four parameters in the solvatochromic shifts of 𝜈𝑎𝑏𝑠 and and 

𝜈𝑒𝑚, and hence, it provides insights on which of the solvent’s features is the main one 

responsible for the spectroscopic behavior of the dye. Arithmetically, the effect of the solvent 

on the physicochemical properties observable (A) is expressed by a multilinear expression: 

𝐴 = 𝐴0 + 𝑏 𝑆𝐴 + 𝑐 𝑆𝐵 + 𝑑 𝑆𝑃 + 𝑒 𝑆𝑑𝑃 

where A is a solvent-dependent physicochemical property in a specific solvent, A0is the 

statistical quantity corresponding to the value of the property in the gas phase and b to e are 

the regression coefficients describing the sensitivity of property A to the different solute-

solvent interactions.[15]As found in the Lippert-Mataga representation, and due to the dual 

absorption bands found in protic solvents, we separated them into two different groups, 
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depending on the number of absorption bands. In the first dataset, all solvents were 

considered, using the blue-shifted absorption band for the solvents in which the dye displayed 

two bands. The second dataset was gathered with the red-shifted absorption band of the dye. 

We used the correlation coefficient r as the goodness-of-fit criterion, obtaining values of 0.954 

and 0.996 for the 𝐴 = 𝜈𝑎𝑏𝑠 correlation in the first and the second datasets, respectively. When 

correlating 𝐴 = 𝜈𝑒𝑚, we obtained 0.894 and 0.982 for the two datasets, respectively. These r 

values support a good correlation in all cases. To understand the importance of each of the 

solvent’s properties, Catalan fitting was carried out, omitting one, two and three solvent 

scales. 

Table A4 shows the correlation coefficient values obtained for all the performed fittings, 

including all parameters and omitting one of the solvent scales. For the first group, the 

changes in 𝜈𝑎𝑏𝑠 were predominantly produced by the solvent acidity and, to a lower extent, 

basicity, as evidenced by the large negative values and low associated error. This result means 

that the acid-base features of the solvents are primarily controlling the energy of the 

transition. This analysis explains the presence of the double band in the acidic solvents (water, 

methanol, ethanol and butanol) and in those solvents with a combination of low acidity but 

large basicity (DMSO and acetonitrile). 

In contrast, the 𝜈𝑒𝑚 was largely affected by the solvent’s polarizability; hence, the general 

solvent stabilization of the excited-state is the major effect for the emission, so further 

stabilization in more dipolar solvents was observed. This result is in excellent agreement with 

the Lippert-Mataga approach when considering the Stokes shift. Interestingly, when 

considering the second, red-shifted band, the acidity of the solvent was found to be the major 

contributor in both 𝜈𝑎𝑏𝑠and 𝜈𝑒𝑚, without a strong dependence on any other physicochemical 

parameter. 
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Therefore, using the Catalan approach, we conclude the following: although acidity is the main 

physicochemical parameter that affects all solvents and bands for absorption, both groups are 

affected by different physicochemical parameters for emission. Regarding the first band, the 

solvent dipolarity represents the primary physicochemical parameter that produces a red-shift 

in the fluorescence emission. In contrast, our results clearly support the idea of the second 

absorption and emission band arising from hydrogen bonding interactions with the solvent. 

Despite the difficulty in quantifying the solvatofluorochromic effects, due to the appearance of 

specific interactions, this behavior could be considered interesting; the strong differences 

among solvents due to these specific effects could allow the probe be applied to aqueous or 

nonaqueous phases,[17] e.g., when the fluorophore enters disperse hydrophobic systems or 

interacts with a macromolecule. 

In addition, we performed the (ET30) solvent scale polarity[14b, 20] analysis of the absorption and 

emission maxima (see Figure A5). The correlation of the emission maxima showed two 

different tendencies regarding the single and blue-shifted band and the red-shifted band. The 

first group showed a negative solvatofluorochromic behavior whereas the red shifted group 

exhibited a positive solvatofluorochromic behavior. These interesting differences could 

indicate the nature of the transition between ground- and excited- level, so that the first group 

is due to a * transition, whereas the red-shifted band corresponds to a n* transition. 

For a better understanding of the transition of the 2-Me-4-OMe-TM fluorescence properties 

from a polar to a nonpolar medium, we carried out absorption, steady-state and time-resolved 

fluorescence measurements of 2-Me-4-OMe-TM in different water:THF volume proportions. 

Figure 3 shows the transition of the absorption and normalized fluorescence intensity by 

absorption at two different excitation wavelengths (440 and 595 nm). The absorption spectra 

(Figure 3A) showed an evident red-shift of the ~570-nm absorption band and an increased 

intensity of the ~440-nm band when the THF proportion was increased. The red band 
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completely disappeared in pure THF. The emission spectra also showed striking results. When 

exciting predominately at the nonpolar maximum (Figure 3B; λex = 440 nm) and with increasing 

THF concentrations above 40%, the fluorescence showed a decrease in intensity along with a 

slight red-shift at approximately 600 nm and the appearance of an emission shoulder at 

approximately 550 nm. However, in pure THF, the 2-Me-4-OMe-TM fluorescence decreased 

strongly, as expected, given the very low quantum yield in THF (0.005). For a better 

visualization of the two-bands in the fluorescence, we have normalized these spectra (see 

Figure A6A) where the fluorescence splitting is unambiguously identified when THF is in the 

media. 

Figure 3C shows the fluorescence emission using the absorption maximum as the excitation 

wavelength. As can be observed, there was an increase in intensity when the THF proportion 

was increased to 80%. Interestingly, a red-shift of the emission band was also observed, from 

598 nm in water to 614 nm in 80% THF. 

A) 

 

B) 

 

C)  

 

Figure 3. (A) Absorption and (B, C) emission spectra using an excitation wavelength of (B) 440 

nm and (C) 595 nm in THF:water mixtures with THF proportion of 0 (black), 20 (red), 40 (blue), 

60 (pink), 80 (green) and 100% (dark blue). 

 

We also performed a time-resolved fluorescence study of the dye dissolved in water:THF 

mixtures using either 530 nm (Figure 4) or 440 nm excitation (Figure A6). When 2-Me-4-OMe-
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TM was dissolved in water, the dye presented a single fluorescence lifetime of approximately 3 

ns. However, when the THF proportion was increased, the long decay time increased to 

approximately 4.2 ns, and a second fluorescence lifetime appeared (of approximately 0.2 ns) 

with an increasing relative abundance. Similar trends were observed in both the emission 

wavelengths of 570 and 600 nm, but with a higher extent at 570 nm (see Figures 4 and A6). 

The appearance of the second, and even a third decay time (of approximately 1 ns) was even 

more noticeable using an excitation wavelength of 440 nm (FigureA6). Using 530 nm, we 

predominantly excited the 2-Me-4-OMe-TM species, forming hydrogen bonds in protic solvent 

(i.e., water, with τ = 3 ns, see Figure 4a).However, with the addition of THF, the contribution of 

this species decreased, favoring the species interacting with the aprotic solvent (see Figure 3a, 

where the intensity of the red-shifted peak decreased in favor of the blue-shifted peak); 

showing a decrease in the relative abundance associated with the 3 ns fluorescence lifetime; 

and increasing the relative abundance associated with the 0.2/1 ns fluorescence lifetimes (see 

Figure 4a and 4b, dashed lines). Because when the excitation wavelength of 530 nm was used, 

the 1-ns lifetime was not detected (Figure 4), we can assign this decay time to the probe 

interacting with the aprotic solvent, whereas the fast decay time of approximately 0.2 ns can 

be assigned to dynamics of the interconversion and formation of the hydrogen bonding 

species. 

A) 

 

B) 
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Figure 4. Fluorescence lifetime () and relative abundance () at λex = 530 nm at A) λem = 570 

and B) 600 nm. 

 

Considering the increase in the fluorescence lifetime during the transition from protic to 

aprotic solvent, we deliberated its applicability to detect polarity changes in the medium using 

the fluorescence lifetime as the analytical signal, hence making the approach suitable for 

fluorescence lifetime imaging microscopy (FLIM), as a polarity probe in cells. For this purpose, 

we suggest its use by selecting the best conditions where the sample maintains a 

monoexponential decay nature and with higher relative abundance (i.e., λex = 530 nm and λem 

= 600 nm). For a more complete study of the changes in its properties and its behavior in the 

different compartments of the cells, we previously studied the photophysics of 2-Me-4-OMe-

TM in a micellar system. 

3.2 Study of 2-Me-4-OMe-TM excited-state dynamics in water and SDS micelles 

Once the solvatofluorochromic behavior of 2-Me-4-OMe-TM was established, we investigated 

whether the interaction with the cellular membranes was the reason behind the decreased 

sensitivity towards phosphate. For this assessment, we compared the phosphate-mediated 

ESPT reaction of the dye in water and in SDS micelles. 

As we showed with green-emitting xanthene dyes,[6a] the presence of a phosphate-mediated 

ESPT reaction served as the basis for their use as intracellular phosphate sensors. Through a 

fluorogenic mechanism, we previously showed the application of a modified 2-Me-4-OMe-TM 

as a dual sensor for the simultaneous detection of intracellular phosphate ions and 

biothiols.[12] Since a full study of the ESPT reaction for the dye 2-Me-4-OMe-TM was lacking, 

we investigated its acid-base equilibrium around physiological pH by means of absorption, 

steady-state and time-resolved fluorescence spectroscopy (See Appendix A, Figures A7-A13). 

More interestingly, all the excited-state rate constants defining the excited-state process were 
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calculated (Scheme A2, FigureA13 and Table A5). The presence of the ions of the phosphate 

buffer at near-neutral pH effectively promotes the ESPT reaction, causing a phosphate-

dependent decrease in the fluorescence lifetime of the dye (FigureA13B). The solution of the 

excited-state kinetic scheme in the presence of phosphate would allow the use of 2-Me-4-

OMe-TM as a FLIM sensor for phosphate in biological samples. However, when this dye was 

used intracellularly, the sensitivity was lower than expected, and specific calibration 

procedures were employed.[12] Therefore, as cytoplasm is a complex matrix with multiple 

compartments and microenvironments, we decided to evaluate the effects of membranous 

systems on the photophysical properties of 2-Me-4-OMe-TM. A simpler approach to studying 

the complex intracellular system is the use of micellar medium. 

We carried out a study of the behavior of 2-Me-4-OMe-TM in SDS micelles at different 

phosphate concentrations and pH 7.35. Figure 5 shows the absorption and emission spectra at 

1 mM SDS concentration and at different phosphate concentrations. Figures A14 and A15 

show the absorption and emission spectra at different SDS concentrations. The addition of 

phosphate produced notable changes in the absorption spectra, causing a decrease in the 595 

nm maximum and an increase at approximately 460 nm. This change may be due to the 

interaction of the dye with the micelles that formed in solution. This interaction may produce a 

change in the polarity of the surroundings of the dye, favoring aprotic interactions of the 

probe inside the micelles.[21] Following the fluorescence intensity, we calculated the critical 

micelle concentration (CMC) of the SDS (see Figure A16) in the presence of different 

concentrations of phosphate buffer. We found a decrease in the CMC from approximately 2.05 

mM to 0.95 mM, indicating that the phosphate concentration favored micellar formation. This 

result can be attributed to the effect of the electrolyte on the micelle formation, which 

reduced the thickness of the ionic layer surrounding the polar moiety of the surfactant and 

allowed micellar formation via electrostatic forces.[22] 
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A)

 

B) 

 

Figure 5. A) Absorption and B) Emission spectra (λex = 583 nm) of 2-Me-4-OMe-TM at 1 mM of 

SDS and different phosphate concentration (5, 50, 100, 150, 175 and 200 mM) at pH 7.35. 

Arrows indicate the change in the spectra due to the increase in the phosphate concentration. 

 

Next, we measured the time-resolved fluorescence of 2-Me-4-OMe-TM at different SDS and 

phosphate concentrations (Figure 6A). We observed two different behaviors: when the SDS 

concentration was below the CMC, between 0.1 and 1 mM, the dye’s lifetime decreased with 

the addition of phosphate, in agreement with the buffer-mediated ESPT reaction. However, 

when the SDS concentration was above the CMC, between 3 and 20 mM, the lifetime of the 

dye increased due to the change in the polarity of the dye’s surroundings and phosphate 

acting as a promoter of micelle formation. 

Therefore, below the CMC, the effect of the phosphate buffer-mediated ESPT reaction 

prevailed, producing a decrease in the fluorescence lifetime.[12] In contrast, above the CMC, 

the phosphate buffer acted as a stabilizer of the micellar medium, and as a consequence, more 

micelles were formed. This process decreased the concentration of the anionic species of the 

dye but, at the same time, resulted in a solvent protective effect that caused an increase in the 

fluorescence lifetime. 
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A) 

 

B) 

 

Figure 6. A) Fluorescence lifetime of 2-Me-4-OMe-TM in the presence of different SDS and 

phosphate concentrations, at pH 7.4. B) SAEMS profiles of the different fluorescence lifetime 

components (0.22, blue; 0.68, red; and 3.23 ns, black) recovered in SDS micelles ([SDS] = 10 

mM and [phosphate] = 5 mM). The normalized spectra from the anionic (dashed black line) 

and neutral (dashed red line) species of 2-Me-4-OMe-TM in aqueous solution are also plotted. 

 

Finally, to identify each of the species in the micellar system unambiguously, through time-

resolved data, we calculated the species-associated emission spectra (SAEMS) of each of the 

decay time components. Figure 6B shows the SAEMS obtained from the three fluorescence 

lifetimes obtained in the micellar medium ([SDS] = 10 mM and [phosphate] = 5 mM). 

Moreover, in Figure 6B, the emission spectra of the two prototropic species involved in 

aqueous solution (dashed lines) are also presented for comparison. The species with τ = 3.23 

ns presented a maximum at 600 nm, which clearly overlapped with the anionic species in 

aqueous solution at pH 9.00. Therefore, this spectrum can be associated with the anionic 

species of the 2-Me-4-OMe-TM. We assign the slight red-shift to the difference in the polarity 

between the aqueous and SDS solutions. We used the same argument to identify the neutral 

species of the fluorophore, which prevails in aqueous solution at pH 4.00, overlapping with the 

SAEMS of the component with τ = 0.22 ns. The third component, with τ = 0.68 ns, presented a 
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SAEMS with a maximum that was red-shifted with respect to the neutral species. The presence 

of this fluorescence lifetime can be associated with the interaction of the dye and the micelles, 

which could be produced in the interior of the micelles or in the interphase. A similar behavior 

was found in other xanthene derivatives when introduced in reverse micelles[23] or interacting 

with macromolecules.[24] 

Anionic species are most stabilized in the excited state by water molecules or other protic 

solvents, producing a decrease in the difference of energy between the ground and excited 

states. This stabilization is not present in aprotic solvents, as in micelles, avoiding this 

stabilization and producing a blue-shifted effect.[25] Both species are preferentially located in 

their microenvironment, so the longest fluorescence lifetime is associated with the anionic 

form that remains in the solvent despite the micelles. Although the quantity of anionic species 

is decreased, its fluorescence lifetime is dependent on the polarity of the solvent, which is 

determined by the number of micelles formed. We consider the micellar system as an 

approximation to simulate the cellular interior. The studied fluorophore could be used as a 

polarity sensor for different intracellular compartments. 

3.3 Bioimaging 

First, we checked the intracellular uptake and accumulation of 2-Me-4-OMe-TM in HEK293 

cells. The fluorescence intensity images are presented in Figures 7A-C (and Figure A17), 

representing a time point 30 seconds after the fluorophore addition to the extracellular 

medium. These intensity images show a specific accumulation pattern similar to previous 

silicon-substituted xanthenes.[5] Moreover, the corresponding lifetime images (Figures 7D-F, 

and Figure A17) exhibited differences in the average lifetime values, which were dependent on 

the microenvironment polarity of the regions where the probe was located. 
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A) 

  

B)

 

C)

 

Intensity (a.u.) 

 

D) 

 

E)

 

F)

 

τ (ns) 

 

Figure 7. FLIM of 2-Me-4-OMe-TM in HEK293 cells. Images A), B) and C) show the intensity images and D), E) 

and F) the fluorescence lifetime images from A), B) and C), respectively. 

 

As observed in the FLIM images, there are three well-differentiated lifetimes in the cells: the 

structure surrounding the cell, the nuclei and the cytoplasmic regions. The three average 

fluorescence lifetimes recovered from these three regions of a total of seven cells were 3.96 ± 

0.08, 3.67 ± 0.09 and 3.00 ± 0.09 ns, respectively. The anionic form was predominantly excited 

in these FLIM images, and it presented a longer lifetime in a nonpolar environment, such as 

the surrounding structures that can be associated with the plasma membranes and other 

structures associated with proteins and other macromolecules. The dye located at the nuclei 

also presented longer fluorescence lifetime values than that dissolved in the cytoplasm but 

lower than that incorporated in the plasma membrane structures. This result could be 

explained by the less polar microenvironment, typical of the interior of the nucleus.[26]Finally, 
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the lowest fluorescence lifetime of the dye was found in the cytoplasm, which presented the 

highest polarity. 

However, while we analyzed the cytoplasmic region as a whole, a more detailed inspection of 

the intensity images allowed the clear discrimination of different structures that could be 

associated with mitochondria and other intracellular organelles (see Figure 8 and Figure A18). 

Although the mechanism of the incorporation of the dye into these structures is not well 

known, there are some hypotheses that imply the chemical equilibrium between the neutral 

and anionic forms and the accumulation of the anion formic inside the mitochondria due to 

the slightly higher intramitochondrial pH.[27] According to these authors, only the more 

lipophilic neutral form is able to cross the mitochondrial membrane; inside mitochondria, the 

higher pH shifts the chemical equilibrium to favor the anionic form; and as this species is less 

lipophilic, it is retained inside the organelle. In any case, the accumulation of the probe in 

these structures allows easy discrimination of the regions with lower intensity and therefore 

isolation to study the polarity of these structures. Figures 8A-D and A18 show the complete 

FLIM images and the isolated regions using an intensity mask (where only the more intense 

pixels were selected), which correspond to different intracellular structures. Interestingly, the 

analyzed region of interest (Figure 9C-D and A18) presented two different fluorescence 

lifetimes, indicating different environments. 

 

 

 

 

 



22 
 

A) 

 

B) 

 

Intensity (a.u.) 

 

C) 

 

D) 

 

τ (ns) 

 

E) 

 

Figure 8. FLIM images of 2-Me-4-OMe-TM in HEK293 cells. A) and B) show the intensity 

images, where the accumulation of 2-Me-4-OMe-TM in some intracellular structures is 

observed. C) and D) show the fluorescence lifetime images from the isolated regions following 

a restrictive intensity-based threshold. E) Fluorescence lifetime histograms from the two 

different intracellular structures recovered from Figures 11A-D and A17. 
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We calculated the histograms of fluorescence lifetimes coming from these two intracellular 

structures. The distributions are shown in Figure 9E, where two clearly different Gaussian 

curves were obtained. This probe accumulation in intracellular organelles together with the 

dye’s capacity to measure polarity via the fluorescence lifetime could be useful in cancer-

related biomedical research since polarity changes in tumoral mitochondria have been 

described.[28] 

4. Conclusions 

In this work, we performed a thorough photophysical study of the probe 2-Me-4-OMe-TM. 

From this study, we found that the dye is suitable for detecting phosphate through a buffer-

mediated ESPT reaction in aqueous solution. Moreover, it has been demonstrated that 2-Me-

4-OMe-TM presents high sensitivity to the solvent’s acidity, forming specific hydrogen bonding 

interactions, and polarity. The polarity affects the equilibrium of the prototropic species but 

also increases the fluorescence lifetime of the anionic form. The kosmotropic effect of the 

phosphate buffer on micelle formation was observed through the fluorescence emission of 2-

Me-4-OMe-TM. Finally, we used the probe to detect differences in polarity between different 

regions of cells using FLIM microscopy. We found a specific pattern of intensity where the 

probe accumulates in some organelles. This finding allowed the isolation of these organelles to 

determine their polarity.  
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Synthesis 

2-Me-4-OMe-TM has been synthesized as previously described.[1] In short, synthesis of the 

compound 2-Me-4-OMe-TM was carried out by nucleophilic addition of the organolithium 

derivative generated by the reaction of 4-bromo-3-methoxyphenol with n-BuLi to the 

previously described ketone (I, see Scheme A1).[2]Later treatment with diluted HCl afforded 

compound 2-Me-4-OMe-TM in a 70% yield. 

The purification of 2-Me-4OMe-TM was carried out by flash chromatography on Merck silica 

gel 50 using CH2Cl2:MeOH mixtures. A subsequent purification step was performed using 

preparative TLC in the same mixture of solvents. The determination and characterization of 2-

Me-4OMe-TM was carried out by 1H-NMR, 13C-NMR and high resolution mass spectrometry 

(HRMS) 

 

Scheme A1. Synthesis of 2-Me-4OMe-TM 

 

Sample preparation 

A stock solution of 2-Me-4-OMe-TM was prepared by dissolving the purified solid in DMSO at a 

concentration of 4×10−4 M. The buffer reagents used were NaH2PO4H2O and Na2HPO4 7H2O 

(Sigma-Aldrich, Spain). Stock solutions (0.5 M) of these reagents were prepared. All the 

aqueous solutions were prepared with ultrapure water (18.2 M-cm). When necessary, the pH 
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was adjusted using 0.1 M NaOH or 0.1 M HClO4. 1-Butanol, acetone, acetonitrile, chloroform, 

cyclohexane, dibutylether, diethylether, dioxane, DMSO, ethyl acetate, ethanol, methanol, THF 

and toluene were all from Sigma-Aldrich. A stock solution of 50 mM SDS, (NaC12H25SO4) (Sigma-

Aldrich) was prepared. Micelle samples were prepared using different SDS concentrations and 

adding different phosphate concentrations from the stock solutions. The pH values were 

maintained at 7.35. 

Quantum Yield calculation 

The relative fluorescence quantum yield values were determined using the following 

formula[3]: 

Φ =  Φ𝑅  .  
I

𝐼𝑅
 .  

𝑂𝐷𝑅

OD
 .

𝑛2

𝑛𝑅
2  

Where Φ and Φ𝑅 denote the fluorescence quantum yield of the sample and the reference 

respectively, I and IR the integrated fluorescence spectra of the sample and the reference, OD 

and ODR the absorption at the excitation wavelength of the sample and the reference and n 

and nR the refractive index of the solvent where the sample and reference are dissolved. As 

references, we have used fluorescein in 0.01 M NaOH (Φ = 0.91)[4] for samples that were 

excited at 440 nm with a range of emission corresponding to the blue-shifted peaks, and 

rhodamine 101 in ethanol (Φ = 0.98)[5] for samples that were excited at 530 nm and a range 

of emission corresponding to the red-shifted peaks. 

The emission spectra were measured at excitation wavelength of 440, and 530 nm, using 5nm 

and 2.5nm for excitation and emission slits at room temperature. 
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Figure A1 

   

Figure A1: Normalized absorption spectra of 2-Me-4-OMe-TM in different solvents. The 

spectra are represented in separate panels for clarity. 

 

 

Figure A2 

   

Figure A2: Normalized fluorescence emission spectra (λex= 440 nm) of 2-Me-4-OMe-TM in 

different solvents. The spectra are represented in separate panels for clarity. 

 

Figure A3 
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Figure A3: Normalized fluorescence emission spectra (λex= 530 nm) of 2-Me-4-OMe-TM in 

different solvents. The spectra are represented in separate panels for clarity. 

 

Figure A4 

A)

 

B)

 

Figure A4: A) Fluorescence emission spectra (λex= 530 nm) of different concentration of 2-Me-

4-OMe-TM (from 1×10−7 M until 1×10−5 M) in aqueous solution. B) Kavanagh’s Law at two 

different emission wavelengths (black squares 599 nm and red circles 620 nm) 

 

Figure A5 

A) 

 

B) 

 

Figure A5: Plot of the absorption (A) and emission (B) maxima wavenumber as a function of 

the ET(30) parameter of the different solvents marked. Red lines and solvent with _RED 
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inserted indicate the red-shifted band of the dye. 

 

 

Table A1    

Solvent λmax
abs / nma λmax

em / nmb QY 

(λex = 440 nm) (λex = 530 nm) 440 530 
Acetone 437 − 609 619 < 0.001 − 

Acetonitrile 434 (100%) 606 (87%) 612 617 0.007 0.009 

Butanol 474 (17%) 600 (100%) 566/608 612 0.110 0.297 

Cyclohexane 420 − 460/602 604 0.004 − 

Chloroform 446 − 559 550 0.011 0.023 

Dibutylether 432 − 464 574 0.001 − 

Dichloromethane 437 − 558 604 0.001 − 

Diethylether 430 − 469 552 0.001 − 

Dioxane 433 − 463 555 0.002 − 

DMSO 456 (12%) 613 (100%) 555 590 0.071 0.107 

Ethyl acetate 434 − 468 611 0.001 − 

Ethanol 470 (100%) 598 (32%) 565/(s 608) (565)/608 0.081 0.060 

Methanol 474 (28%) 592 (100%)  (s 562) /605 605 0.058 0.267 

THF 435 − 535 557 0.005 − 

Toluene 429 − 460/567 560 0.001 − 

Water (aqNaOH) − 583 590 600  0.44 

aIn solvents in which the dye exhibited two absorption bands, numbers in brackets represent the relative height of the two 
peaks. 
b The excitation wavelengths were selected according to the availability of excitation laser sources in our laboratory. These 
two excitation lasers approximately correspond to the first and second absorption band, respectively 
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Table A2. Amplitudes and fluorescence lifetimes obtained from 2-Me-4-OMe-TM in different solvents 

Solvent A1 / % 1 / ns A2/ % 2 / ns A3 / % 3 / ns av/ ns* 

Acetone 1.13 3.72 98.62 0.018 0.25 1.11 2.55 

Acetonitrile 1.44 4.05 98.47 0.013 0.09 1.12 3.27 

Butanol 0.26 4.19 88.65 0.018 11.09 1.02 1.15 

Cyclohexane 1.69 3.27 96.17 0.026 2.14 1.24 2.00 

Chloroform 0.37 5.26 49.81 0.040 49.81 0.25 0.36 

Dibutyl ether 39.47 14.38 57.86 0.075 2.67 1.41 9.92 

Dichloromethane − − 99.65 0.102 0.35 1.16 0.14 

Diethyl ether 0.71 14.16 97.44 0.049 1.85 2.32 7.96 

Dioxane 0.98 16.69 94.20 0.074 4.82 1.71 9.11 

DMSO 0.01 5.79 99.93 0.015 0.05 1.05 0.34 

Ethyl acetate 5.15 11.16 69.58 0.704 25.27 2.77 4.93 

Ethanol − − 58.73 0.042 41.27 0.64 0.58 

Methanol 4.11 4.45 95.89 0.149 -- -- 2.57 

THF 12.03 16.36 38.76 0.515 49.21 3.47 9.86 

Toluene 8.35 18.22 72.60 0.637 19.05 3.97 11.32 

• av is calculated-based in the equation 𝜏𝑎𝑣 =
∑ 𝐴𝑖𝑖 𝜏𝑖

2

∑ 𝐴𝑖𝜏𝑖𝑖
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Table A3: Dielectric constant and refractive index values used in this work* 

Solvent 

 

ε n 

1-Butanol 17.8 1.399 

Acetone 21.01 1.359 

Acetonitrile 36.64 1.34423 

Chloroform 4.81 1.446 

Cyclohexane 2.02 1.426 

Dibutyl ether 3.1 1.399 

Diethyl ether 4.267 1.353 

Dioxane 2.21 1.422 

DMSO 47 1.358 

Ethyl acetate 5.99 6.02 

Ethanol 24 1.524 

Methanol 33 1.329 

THF 7.5 1.405 

Toluene 2.4 1.4961 

Water 80.1 1.33 

*Refractive index used in this work come from the Refractive index 

database (https://refractiveindex.info) and dielectric constant from[6] 

 

 

 

 

 

 

https://refractiveindex.info/
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Lippert-Mataga equation 

𝜐𝐴̅̅ ̅ − 𝜐𝐹̅̅ ̅ =
2

ℎ𝑐
(

𝜀 − 1

2𝜀 + 1
−

𝑛2 − 1

2𝑛2 + 1
)

(𝜇𝐸 − 𝜇𝐺)2

𝑎3
+  𝑘 

 

In the Lippert-Mataga equation, h is the Planck constant, c represents the light speed in 

vacuum, a is the radius of the cavity where the dye is allocated, 𝜐𝐴̅̅ ̅and 𝜐𝐹̅̅ ̅ are the absorption 

and emission wavenumber, respectively, and k is a constant representing the difference 

between the absorption and emission wavenumbers in the vacuum. Following this approach, 

the fluorophore is considered as a dipole plunged in a medium with equal dielectric constant 

at any point. The effects of ε and n on the Stokes shift can be explained as follows: an increase 

in n produces an instantaneous stabilization of the ground and excited states due to an 

electronic redistribution producing a decrease in the difference of the energy between the 

ground and excited state. This effect is the reason why most of the chromophores show a red-

shift in the absorption spectra. However, although an increase in ε also stabilizes both states, it 

occurs in the excited state after a reorientation of solvent dipoles, i.e., this process requires 

the movement of the complete solvent molecules.[3] Orientation polarizability (∆𝑓) is the 

combination of both parameters as indicated in the equation and is included in the Lippert-

Mataga equation. 

∆𝑓 =
𝜀 − 1

2𝜀 + 1
−

𝑛2 − 1

2𝑛2 + 1
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Table A4: Estimated coefficients ± standard errors and correlation coefficient (r) for the multilinear 

regression analyses of 𝜈𝑎𝑏𝑠 and𝜈𝑒𝑚 The estimates are expressed in cm−1. 

   A0 b (SA) c (SB) d (SP) e (SdP) r 
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p
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sh
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d
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d
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Et2O 

Acetone 

EtOAc 

Bu2O 

THF 

Chloroform 

1,4-Dioxane 

CH2Cl2 

Cyclohexane 

DMSO 

Toluene 

MeOH 

MeCN 

EtOH 

BuOH 

DMSO 

Water 

𝜈𝑎𝑏𝑠 

 

 

 

 

(2.62 ± 0.14) × 104 -2554 ± 339 -1286 ± 349 -3280 ±1843 -769 ± 343 0.9537 

(2.46 ± 0.33) × 104  -1013 ± 825 -726 ± 4306 -1966 ± 723 0.6652 

(2.23 ± 0.17) × 104 -2424 ± 482  -149 ± 2341 -640 ± 489 0.8932 

(2.38 ± 0.03) × 104 -2443 ± 362 -1000 ± 336   -642 ± 365 0.9399 

(252 ± 0.15) × 104 -2905 ± 347 -1206 ± 401 -2424 ± 482  0.9318 

𝜈𝑒𝑚 

(2.72 ± 0.48) × 104 -687± 1148 -1115 ± 1182 -5715 ± 6242 -6272 ± 1162 0.8934 

(2.68 ± 0.46) × 104  -1042 ± 1143 -5028 ± 5969 -6595 ± 1003 0.8897 

(2.48 ± 0.40) × 104 -574 ± 1136  -2999 ± 5514 -6051 ± 1129 0.8842 

(2.29 ± 0.08) × 104 -494 ± 1121 -617 ± 1042  -6051 ± 1129 0.8847 

(1.89 ± 0.83) × 104 -3553 ± 1860 -465 ± 2149 1285 ± 1136  0.5137 

D
u

al
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an
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en
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MeOH 

MeCN 

EtOH 

BuOH 

DMSO 

Water 

𝜈𝑎𝑏𝑠 

 

 

 

 

(0.97 ± 0.32) × 104 645 ± 83 1766 ± 640 4536 ± 2877 3422 ± 1206 0.9960 

(2.07 ± 1.59) × 104  -758 ± 3058 -4568 ± 14576 -808 ± 5971 0.7095 

(1.83 ± 0.12) × 104 529 ± 148  -3119 ± 1586 118 ± 306 0.9646 

(1.47 ± 0.04) × 104 592± 100 793 ± 224  1561 ± 329 0.9858 

(1.87 ± 0.08) × 104 539 ± 157 -36 ± 166 -3451 ± 1263  0.9628 

𝜈𝑒𝑚 

(1.11 ± 0.65) × 104 593 ± 169 1312 ± 1305 3274 ±5869 2649 ± 2460 0.9817 

(2.13 ± 1.51) × 104  -1006 ± 2898 -5089 ±13812 -1237 ± 5658 0.7211 

(1.76 ± 0.12) × 104 507 ± 146  -2413 ± 1563 194 ± 302 0.9630 

(1.48 ±0.05) × 104 554 ± 125 610 ±281  1306 ±411 0.9760 

(1.81 ± 0.08) × 104 511 ± 157 -83 ± 166 -2908 ± 1259  0.9602 
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Figure A6 

A) 

 

B) 

 

C) 

 

Figure A6: Normalized intensity emission (A) at λex=440 nm and fluorescence lifetimes () and 

the relative abundances () of 2-Me-4-OMe-TM in different water:THF proportions determined 

using B) λex=440 nm and λem= 570 nm and using C) λex=440 nm and λem= 600 nm. 

 

Absorption studies 

If a system that is formed by two species follows Beer’s law, at any wavelength (λabs) and pH, 

the absorbance (A) is given by the expression 

𝐴(𝑝𝐻, 𝜆𝑎𝑏𝑠) = 𝑐 (∑ 𝛼𝑖(𝑝𝐻, 𝑝𝐾𝑎)𝜀𝑖(𝜆𝑎𝑏𝑠)

𝑖

) 𝑑 

where c is the total concentration of the dye, d is the optical path length, i(λabs) is the 

wavelength-dependent molar absorption coefficient of the ith prototropic form of the dye, and 

i(pH, pKa) is the fraction of the dye in the ith prototropic form, which depends on both pH 

and pKa. 

𝛼1 =
[𝐻+]

[𝐻+] + 𝐾𝑎
 

𝛼2 =
𝐾𝑎

[𝐻+] + 𝐾𝑎
 

Substituting and operating properly, we obtain the next equation that is used to plot individual 

values versus pH to obtain the 𝜀𝑁 and the pKa 
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𝐴(𝑝𝐻, 𝜆𝑎𝑏𝑠)

𝜀𝐴𝑐
= (

𝜀𝑁

𝜀𝐴

(𝜆𝑎𝑏𝑠)
10−𝑝𝐻

10−𝑝𝐻 + 10−𝑝𝑘𝑎
 +

10−𝑝𝑘𝑎

10−𝑝𝐻 + 10−𝑝𝑘𝑎
) 𝑑 

 

 

Spectroscopy and photophysical properties of 2-Me-4-OMe-TM in aqueous solution and 

sensitivity towards phosphate ions 

To understand the prototropic equilibrium of 2-Me-4-OMe-TM in aqueous solution, we studied 

the pH dependency through spectrophotometry and spectrofluorimetry around physiological 

pH. The absorption spectra of 2-Me-4-OMe-TM at different pH values showed a similar shape 

as that of previously described silicon magenta xanthene dyes[2a] (see Figure A7). The presence 

of an isosbestic point at approximately 520 nm suggests the presence of two species. Using the 

fundamental equations of the chemical equilibrium and the Lambert-Beer law, we recovered 

the molar absorptivity coefficients of the two involved species, i.e., the neutral and anionic 

forms (see Scheme 2 and Figure A8), and a pKa value of 7.09 ± 0.03 (see Figure A9). At basic pH, 

the anionic form exhibited an absorption maximum at 583 nm and a shoulder at approximately 

543 nm. On the other hand, under acidic conditions, corresponding to the neutral form, the 

absorption was largely decreased and blue-shifted. The neutral species showed a broad and 

poorly defined absorption band centered at 480 nm. Regarding the chemical equilibrium and 

using dyes of the same family as reference,[2a, 7] we propose scheme A2 for the chemical 

equilibrium in aqueous solution, where a zwitterionic form is included.[7b, 7c, 8] Interestingly, the 

fluorescence emission of this dye in aqueous solution is characterized by “on/off” properties, 

i.e., although the anionic form was very fluorescent, the neutral species presented a very low 

fluorescence emission in aqueous solution (see Figures A10, A11 and A12). 
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Scheme A2 

 

Scheme A2. Chemical equilibrium proposed between the prototropic neutral and anionic 

species of 2-Me-4-OMe-TM. Two resonance structures are included for the neutral species. 

 

Similar to other xanthene derivatives, the presence of an adequate proton donor/acceptor can 

promote an ESPT reaction. As a consequence, the fluorescence decay times are dependent on 

the total phosphate concentration, so this mechanism has been used in the determination of 

intracellular phosphate concentration using FLIM imaging.[1, 9] For a better understanding of 

the phosphate sensitivity of this dye through the ESPT reaction, we have studied the excited-

state dynamics through time-resolved fluorescence spectroscopy. The basis of this study is well 

established[10] and can be resolved by measuring a data set of fluorescence decay traces at 

different pH values and buffer concentrations. Intracellular phosphate is an important 

parameter for many different physiological processes[11]; hence, since the species of the 

phosphate buffer can act as an adequate proton donor/acceptor pair, we have resolved the 

dynamics of the excited-state processes of 2-Me-4-OMe-TM in the presence of phosphate 

buffer. The scheme of the excited-state reactions and the corresponding rate constants is 

presented in Figure A13A. 
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The analysis of the fluorescence decay traces of 2-Me-4-OMe-TM at different pH values and 

phosphate concentrations exhibited two decay times. The long decay time varied in the range 

of 2-3 ns, with an increasing trend as pH values increased and with lower values at higher 

phosphate concentrations (Fig. S11B). The short decay time varied between 80 and 200 ps, 

with less obvious trends, ultimately caused by the difficulty of accurately determining such 

short decay times. These decay time values can be fitted to the general equations of the 

buffer-mediated ESPT reaction, following the methodology previously described (see Appendix 

A, Buffer mediated ESPT reaction studies). Using the pH range in the experimental conditions, 

k12 can be considered negligible because [H3O+] is small. Moreover, the shortest lifetime 1 is 

the sum of the rate constant of the process that produces the disappearance of 1* (k01 and 

k21). We recovered the rate constants shown in Table A5, which successfully describe the pH 

and phosphate dependency of the fluorescence decay times, as seen in the comparison of the 

estimated (lines) and experimental times (points) in Figure A13B. As can be observed, there is 

a very good concordance between these values. It is important to highlight that at 

physiological pH and below 400 mM of phosphate, the fluorescence decay is characterized by 

a monoexponential character, which is a requirement for improved fluorescence lifetime-

based sensors. Using k21
B and k12

B, we obtained the excited-state pKa
* of the dye,[12]resulting in 

a value of 6.85 ± 0.08. This pKa
* can be compared with that obtained through steady-state 

fluorescence measurements using a high phosphate concentration. Figure A13C shows that 

the fit of the steady-state fluorescence data results in a pKa
* value of 6.58 ± 0.06. Although the 

dye is slightly more acidic in the excited state than in the ground state, as with other xanthene 

derivatives,[2a, 7b, 7c] the pKa
* is similar enough to the pKa so that strong spontaneous ESPT 

reaction is negligible. 
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Figure A7 

 

Figure A7: Absorption spectra of (at 4 × 10-6 M) in phosphate buffer 0.01 M at pH values 

between 4.88 and 8.94. The arrow indicates increasing pH vales. 

 

 

Figure A8 

 

Figure A8: Recovered molar absorption coefficients of the neutral (blue line) and anionic (pink 

line) 2-Me-4-OMe-TM species in 0.01 M phosphate buffer. 
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Figure A9 

 

Figure A9: Global fitting of the A/(A C) at 440 (blue triangles), 530 (red circles) and 585 (black 

squares) nm versus pH curves of 2-Me-4-OMe-TM solutions in 0.01 M phosphate buffer. 

 

Steady-state fluorescence studies 

 

The total fluorescence emission F(λex, λem, [H+]) at proton concentration [H+] produced by an 

excitation wavelength (λex) and observed at emission wavelength (λem) can be expressed as: 

𝐹(𝜆𝑒𝑥 , 𝜆𝑒𝑚, [𝐻+]) =
𝐹𝑚𝑖𝑛[𝐻+] + 𝐹𝑚𝑎𝑥𝐾𝑎

𝐾𝑎 + [𝐻+]
 

where Fmin indicates the fluorescence signal of the neutral form of the dye and Fmax denotes 

the fluorescence signal of the anionic form of 2-Me-4-OMe-TM. 

Quantum yield values from the steady-state fluorescence measurements were calculated using 

fluorescein in 0.1 M NaOH ( = 0.79)[13] and rhodamine 101 in ethanol + 0.01% HCl ( = 1.00)[14] 

as references for the measurements for λex=440 nm and λex=530 nm, respectively. 
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Figure A10 

 

Figure A10: Steady-state emission spectra (λex = 582 nm) of 4 ×10−6 M 2-Me-4-OMe-TM 

aqueous solutions at different pH values. 

 

 

 

Figure A11 

 

Figure A11: Steady-state emission spectra (λex = 530 nm) of 4 ×10−6 M 2-Me-4-OMe-TM 

aqueous solutions at different pH values. 
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Figure A12 

 

Figure A12: Steady-state emission spectra (λex = 470 nm) of 4 ×10−6 M 2-Me-4-OMe-TM 

aqueous solutions at different pH values. 

 

 

Buffer-mediated ESPT reaction studies 

 

The theory and methods of solving buffer-mediated ESPT reactions are well established.[7b, 10, 

15] 

Under experimental conditions where the buffer-mediated ESPT reaction occurs rapidly during 

its excited lifetime, the normalized fluorescence intensity can be expressed as [16] 

𝐼

𝐴
=

𝜙1

1 + 10(𝑝𝐻−𝑝𝐾𝑎
∗ )

+
𝜙2

1 + 10(𝑝𝐾𝑎
∗−𝑝𝐻)

 

where I/A is the fluorescence intensity at λem, normalized by absorbance at the excitation 

wavelength, φ1 and φ2 are the relative fluorescence efficiencies of the neutral and anionic 

forms at λem, and pKa
* is the pKa for the excited-state proton reaction 1* ⇌ 2* + H+. 
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If the photophysical system, as shown in Figure A3-A, is excited by an infinitely short light pulse 

that does not significantly alter the concentrations of the ground-state species, then the 

fluorescence -response function, f (λem, λex, t), at emission wavelength λem due to excitation at 

λex is given by 

 

𝑓(𝜆𝑒𝑥 , 𝜆𝑒𝑚, 𝑡) = 𝑝1𝑒𝛾1𝑡 + 𝑝2𝑒𝛾2𝑡  𝑡 ≥ 0 

 

in which this equation has been written in the common biexponential character, where 

𝛾1,2 =
−(𝑎 + 𝑐) ± √(𝑐 − 𝑎)2 + 4𝑏𝑑

2
 

𝑎 = 𝑘01 + 𝑘21 + 𝑘21
𝐵 [𝑅] 

𝑏 = 𝑘12[𝐻+] + 𝑘12
𝐵 [𝑅𝐻] 

𝑐 = 𝑘02 + 𝑘12[𝐻+] + 𝑘12
𝐵 [𝑅𝐻] 

𝑑 = 𝑘21 + 𝑘21
𝐵 [𝑅] 

[R] and [RH] are the concentration of the basic and acidic prototropic forms of the buffer and 

are related to the total buffer concentration as cB=[R]+[RH]. They can be expressed as [RH] = 

cB[H+]/([H+]+ Ka
B) and [R] = CBKa

B/([H+]+ Ka
B), where Ka

B is the dissociation constant for the 

reversible reaction RH ⇌R + H+. k01, k02, k12, k21, kB
 12 and kB

21 are the kinetic constants shown in 

Figure 1A. 

The  factors are related to the fluorescence lifetimes 1 and 2 by the expression 

𝜏1,2 = −
1

𝛾1,2
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Figure A13 

A)

 

B) 

 

C) 

 

Figure A13. A) Proposed kinetic model of ground- and excited-state proton-transfer reactions 

of 2-Me-4-OMe-TM in the presence of phosphate buffer. B) Global fitting (solid lines) of the 

theoretical equations (see Appendix A) to the long decay time at different pH values and 

phosphate buffer concentrations (circles: 0, invert triangles: 200, squares: 400 and triangles: 

700 mM). C) Global normalized fluorescence emission plot vs pH of 2-Me-4-OMe-TM in 

phosphate buffer solution (0.7 M) at 585 (blue triangles) and 530 (red circles) nm. The lines 

represent the global fit used to determine the pKa
*. 
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Table A5 

Rate constants Value 

𝒌𝟎𝟏 (𝒔−𝟏) 1.33 (± 0.89) × 109 

𝒌𝟎𝟐 (𝒔−𝟏) 3.37 (± 0.01) × 108 

𝒌𝟐𝟏 (𝒔−𝟏) 7.82 (± 0.92) × 109 

𝒌𝟐𝟏
𝑩  (𝑴−𝟏𝒔−𝟏) 2.03 (± 1.34) × 109 

𝒌𝟏𝟐
𝑩  (𝑴−𝟏𝒔−𝟏) 1.95 (± 0.99) × 109 
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Figure A14 

A) 

 

B) 

 

C) 

 

D)  

 

E) 

 

F)

 

Figure A14: Absorption spectra at different SDS concentrations, A) 0.1 mM, B) 0.5 mM, C) 3 

mM, D) 5 mM, E) 10 mM and F) 20 mM, and increasing phosphate concentrations. pH 7.35. 
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Figure A15 

A) 

 

B) 

 

C) 

 

D)  

 

E) 

 

F) 

 

Figure A15: Fluorescence spectra at different SDS concentrations, A) 0.1 mM, B) 0.5 mM, C) 3 

mM, D) 5 mM, E) 10 mM and F) 20 mM, and increasing phosphate concentrations. pH 7.35. 
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Figure A16 

A) 

 

B) 

 

C) 

 

D) 

 

Figure A16: CMC estimation through change in the fluorescence maxima between different 

solutions at A) [Pi] =5 mM, B) 50 mM, C) 100 mM and D) 200 mM.The red line indicates the 

CMC estimation. 
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Figure A17  

A)                                                             Intensity (a.u.) 

 

B)τ (ns) 

 

C) 

 

D) 

 

E) 

 

F) 

 

G) 

 

H) 

 

Figure A17: FLIM of 2-Me-4-OMe TM in HEK293 cells. Images A), C), E) and G) show the intensity 

images and B), D), F) and H) the fluorescence lifetime images from A), C), E) and G), respectively. 
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Figure A18  

A) 

 

 

 

Intensity (a.u.) 

 

B) 

 

 

 

τ (ns) 

 

Figure A18. FLIM images of HEK293. A) shows the intensity images, where the 

accumulation of 2-Me-4-OMe TM is observed in some intracellular structures. B) shows 

the fluorescence lifetime images from the isolated regions following a restrictive intensity-

based threshold. 
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