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Abstract

We have synthesized a new fluoride-containing xanthenic dye able to dynamically and
guantitatively detect acetate anion, a biologically relevant analyte, in water. We studied
deeply the photophysical properties of the compound and verified its use as an acetate
probe in synthetic serum.

Highlights

“On/off” fluorescent dye to detect acetate.

High sensitivity Acetate detection in biological serum is reported.

Acetate ions are important in physiological processes because it participates directly
and/or indirectly in cancer metabolism
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1. Introduction

Acetate, the ionized form of acetic acid, is a critical metabolite in fatty acids and
carbohydrate metabolism [1]. The importance of acetate in the metabolism goes further
than a physiological process as it is directly and/or indirectly involved in cancer
metabolism [2, 3], and consequently several acetate role studies about different cancer

types can be found in literature [4, 5]. In particular, it is relevant in the colorectal tumor,



one of the most prevalent cancers in the world nowadays. One of the roles acetate has
in cancer is that it participates in cancer cells apoptosis [6] and its detection and study
could help to achieve a better understanding of cell death mechanism and could also

help to discover new tools for colorectal cancer prevention [1, 7].

Due to its biological and physiopathological importance, the availability of new probes
to detect acetate in situ in biological samples is essential for metabolism research in
which acetate is involved. A very successful approach in this field has been the
interaction between the probe and the acetate anion by complementary hydrogen
bonding [8]. Nevertheless, such kind of interactions can also occur with other anions
such as phosphate, iodine, bromide or fluoride [9]. Moreover the nature of this
interaction precludes, in general, the use of pure water as solvent owing to the
undesirable competition of water with the hydrogen-bond based interaction [10, 11].
To the best of our knowledge there are only two strategies in literature in which water
is exclusively used as solvent. First implies chemical derivatization of acetate in basic
media followed by gas chromatography analysis [12]. The second one is the use of
commercially available kits. These can be based on kinetic processes or the use of
enzymes. Nevertheless, they present some drawbacks related with the necessity of clear
samples, interferences with either compounds (i.e. =SH containing reagents) or other
enzymes present in the samples. Moreover, in all the cases the total acetate anion is
determined by derivatization of the compound, which prevents from measuring changes
in acetate concentration during the analysis in dynamic samples. In this sense it would
be interesting to base the analysis in a parameter which is not affected by turbidity
and/or the sample composition and that allows a dynamic detection in real time.
Therefore, the challenge in this field is to retain the acetate sensitivity and selectivity in

water in a dynamic way. To this end a very different approach is required.

A common feature of all the anions is the acid-base characteristics in water, which in
principle can be used to discriminate between them. Within this context, it is known
that Excited State Proton Transfer (ESPT) reactions [13] promote changes in fluorescent
molecules, which can be detected and related with the presence of the corresponding
proton donor/acceptor. ESPT reaction is faster than fluorescence emission and depends

on the proton donor/acceptor concentration. Therefore, fluorescence decay lifetime (t)



can be used to monitor the analyte concentration [14]. This fluorescent parameter (1)
presents several advantages over fluorescence intensity such as independence on the
dye concentration or easily differentiation of autofluorescence interferences [15].
Moreover, this approach is fully compatible with water and the selectivity of the transfer
process is based on the similarities in pK; between the dye and the analyte (proton
donor/acceptor), which precludes any interference of anions with different acid-base
characteristics [16]. The approach is only limited by the existence of the suitable dye

with the required pKa.

Xanthene-based dyes seem to be ideal for this purpose owing to the remarkable
photophysical properties they present and the possibility of a fine-tuning of the pKa. In
particular, Tokyo [13, 14, 17, 18] and Granada Green derivatives [19] had previously
shown remarkable “on/off” properties and possibility of ESPT, but they present an
unsuitable pK; value of 6-7. Fluorinated Oregon Green xanthenes [20] present a lower
pKa, achieving the optimal situation in which the buffer and the dye have a similar pKa.
Nevertheless the presence of a carboxylic acid in the structure results in complex acid-
base equilibriums and consequently complex analysis. Pennsylvania Green compounds
[17] are a smart combination of the Tokyo and Oregon Green dyes resulting in an
interesting combination of photophysical and acid-base characteristics. However, the
simplest one (1, Figure 1) presents an undesirable fluorescence in both neutral and

anionic structures, which precludes its use as an “on/off” probe.

In this work, we have synthesized new Pennsylvania-Based dyes 2-4, being one of them
(2) able to quantitatively detect acetate concentration in water. Compound 2 was
studied deeply in order to obtain the rate constants involved in the ESPT reaction

promoted by acetate, and to verify its use as an acetate probe in synthetic serum.

2. Material and methods



2.1. Synthesis

All reagents were used as purchased from standard chemical suppliers and used without
further purification. Reactions involving organometallic compounds were carried out
under Ar atmosphere. TLC was performed on aluminium-backed plates coated with silica
gel 60 (230-240 mesh) with F254 indicator. The spots were visualized with UV light (254
nm). All chromatography purifications were performed with silica gel 60 (35-70 um).
NMR spectra were measured at room temperature. 'H NMR spectra were recorded at
300, 400, 500 or 600 MHz. Chemical shifts are reported in ppm using residual solvent
peak as reference (CHCls: 6§ = 7.26 ppm, CH2Cl>: § = 5.32 ppm, CH30H: 6 = 3.31 ppm). 13C
NMR spectra were recorded at 75, 101, 126 or 151 MHz using broadband proton
decoupling and chemical shifts are reported in ppm using residual solvent peaks as
reference (CHCls: 6 = 77.16 ppm, CH;Cl,: & = 54.0 ppm, CH30H: 8 = 49.00 ppm). Carbon
multiplicities were assigned by DEPT and HSQC techniques. High resolution mass spectra
(HRMS) were recorded using El at 70e V on a Micromass AutoSpec (Waters) or by ESI-

TOFF mass spectrometry carried out on a Waters Synapt G2 mass spectrometer.
2.2, Sample preparation

A stock solution of dyes (9 x 10 M) in 10~> M NaOH was prepared using Milli-Q water.
For samples preparation in acetate buffer solutions, sodium acetate and acetic acid
(both Sigma puriss. p.a.) were used in appropriate amounts to obtain the required pH
and dye concentration. Solutions without buffer were prepared using NaOH and HCIO4
(0.01 M) both from Sigma-Aldrich, spectroscopic grade. All the solutions were prepared
using Milli-Q water as a solvent. All of the chemicals were used as received without
further purification. The solutions were kept cool in the dark when not in use to avoid

possible deterioration through exposure to light and heat.

2.3. Photophysics Studies



Absorption spectra were recorded using a Perkin-Elmer Lambda 650 UV/Vis
spectrophotometer with a Peltier temperature controller. Steady-state fluorescence
emission spectra were collected using a JASCO FP-8300 spectrofluorometer equipped
with a 450-W xenon lamp for excitation with an ETC-273T temperature controller. All
measurements were recorded at room temperature using 10 x 10 mm cuvettes. The pH

of the solutions was measured immediately before and after recording each spectrum.

Fluorescence decay traces of solutions were recorded by the single-photon timing
method using a FluoTime 200 fluorometer (PicoQuant, Inc.) [15, 21]. The excitation was
achieved using a LDH-485 and LDH-440 (PicoQuant, Inc.), and the observation was
performed through a monochromator at 510, 515, 520 and 525 nm. The pulse repetition
rate was 20 MHz. Fluorescence decay histograms were collected in 1320 channels using
10 x 10 mm cuvettes. The time increment per channel was 37 ps. Histograms of the
instrument response functions (using a LUDOX scatterer) and sample decays were
recorded until they typically reached 2 x 10* counts in the peak channel. Three
fluorescence decays were recorded for all of the samples. The fluorescence decay traces
were individually analyzed using an iterative deconvolution method with exponential

models using FluoFit software (PicoQuant).
2.4. FLIM analysis

FLIM images were collected by a Pico Quant MicroTime 200 microscope system with an
excitation source of LDH-485 laser. The light beam passed through a dichroic mirror
(510dcxr, Chroma) and through the oil immersion objective (1.4 NA, 100x) specific to an
inverted microscope system (IX-71, Olympus). After passing the immersion objective,
the fluorescence light was filtered by a long-pass filter (500LP, AHF/Chroma) and
directed to a 75-um confocal aperture. The light was transmitted to a FF01-520/35
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
x 512 pixels resolution. To obtain the fitted FLIM images, it was realized a binning of 2 x
2 in SymphoTime software and the matrix data were exported and analyzed by a home-

coded Fiji ([Fiji Is Just] Image)) program [22]. For this aim, and firstly of all, outliers data



points were removed using a selective median filter that replaces a pixel by the median
of the pixels in the surrounding (s.d. = 7 pixels) if it deviates from the median by more
than a certain value. Finally, in order to achieve a larger number of counts in each pixel,
it was done a binning of 4 x 4 and later, a Gaussian smoothing function (s.d. = 1 pixel)

filters were applied.

3. Results and Discussions

The careful selection of the pK, of the fluorescent probe is crucial for the acetate anion
sensing. For this reason we decided to use 2,7-difluorinated xanthene as fluorescent
core owing to the inductive effect of fluorine atoms and the consequent increase in the
acidity of xanthenes derivatives. We have recently reported that the pKi of a
functionalized xanthene can be also fine tuned with a judicious selection of the
substitution at C-9 [19]. It is also known that the “on/off” characteristics can be
modulated by the substituents in the C-9 position [18]. After some synthetic effort we
found that Pennsylvania-type xanthene 2 presented the best photophysical and acid-
base characteristics for our objective. Based on our previously described methodology
[16] we synthesized compounds 1-4 in good vyields as it is reported in the Electronic

Supporting Information (ESI) [18, 23].
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Scheme 1: Molecular structure of the synthesized compounds

Absorption measurements for compound 2 in water strongly depend on the pH (Figure
1). Spectra showed a maximum at 492 nm at higher pH values measured (corresponding
to the anion form) and two maxima (450/478 nm) at lower pH values (corresponding to
the neutral form).The isosbestic point suggests a chemical equilibrium between two
species; i.e. the neutral and anion forms as chemical structures suggest. From those
spectra the pKsand the molar absorption coefficients € (Aabs) could be extracted using

non-lineal global fitting of absorbance surface vs pH and Aabs [24] (see SI). Experimental



pKa corresponds to 4.04 + 0.02, around three units lower than the non-fluoride

compounds [19, 25] and reasonably close to the acetate pK;value (4.76).

Figures 1B and 1C show plots of individual absorbance at different pH values and the
recovered values of molar absorption coefficients of both neutral (en) and anionic form

(ea) in the absence of acetate buffer.
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Figure 1: A) Absorption spectra of compound 2 (3.2 x 10 M) at different pH values (from 2.14
to 6.71). B) Curves generated by fitting the individual A (Aabs) versus pH data. C) Recovered
molar absorption coefficients versus wavelength for the neutral (black) and anionic (red) form
of compound 2

As can be observed, the shape of the absorption coefficients is similar to the previous

dyes as shown in bibliography [17-19]. For the anion, it is shown a maximum at 492 nm



and a shoulder at around 460 nm. The neutral absorption coefficient shows two maxima

at 450 and 480 nm. However, it is almost three times lower than the anion maximum.

A steady-state fluorescence study resulted in the emission spectra profiles
corresponding to the two prototropic species involved in the chemical equilibrium. The
anionic species have an emission maximum at 515 nm and the neutral emission maxima
are centered at 510 nm (see Figure S4 in Sl). Moreover, the quantum yields (®) of every
species were calculated: 0.65 for the anionic one and a very low value of 0.02 for the

neutral one, which is an ideal photophysical characteristic for our purpose.

We recovered the pka in the excited state (pKa") by steady-state fluorescence using high
acetate concentration so that buffer mediated ESPT reaction would occur during the
excited lifetime. The resulting pKa" (4.42 + 0.07) was similar to the pKa in the ground
state (Figure S5). Figure 2 shows the emission spectra of compound 2 at different pH
values. It is remarkable the very low intensity values at lower pH with a decrease of
about 160 times in the fluorescence signal, evidencing the “on/off” character of the dye.
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Figure 2: Fluorescence emission spectra of compound 2 (6 x 10 M) in acetate (400 mM)
solution at different pH values (from 1.37 to 7.79)

Finally, using time-resolved fluorescence, we recovered the decay times. In concordance
with steady-state emission, anion species decay time (3.30 ns) is higher than neutral

one, becoming almost insignificant (0.02 ns).

Some xanthene derivatives can undergo an ESPT reaction when an appropriate proton

donor/acceptor, as acetate, is present. These reactions can modify the steady-state or



time-resolved fluorescence signal. Important experimental information of the ESPT
reaction mechanism is accessible through time-resolved fluorescence measurements,
by which the kinetic behavior of the system in the excited state can be obtained. Figure
3A shows the scheme involved in the ESPT reaction and fluorescence emission for the
two species of compound 2 present at the pH range studied, considering a causal, linear,
time-invariant, intermolecular system. The theory of buffer-mediated ESPT reactions

has been well established (See Sl) [26].

Firstly, we measured compound 2 in absence of acetate buffer. We realized a global
analysis of 40 curves corresponding to C® = 0 mM, at pH range from 4.28 to 6.65, at dex
=485 and 440nm and Aem = 510, 520, 530, 540 and 550 nm, providing pH independent

reliable decay time estimations: 11 = 0.021 + 0.003 ns and t; = 3.300 + 0.002 ns (=

1.176). This behavior confirms that in the absence of acetate ions the buffer-mediated
ESPT reaction does not occur. When the pH was much higher than the pK;value, only
the anion species is present. In this condition, fluorescence decay was given by a
monoexponential function with the decay time 2 = 3.300 + 0.002 ns. At high pH values
the proton concentration is very low, and hence the reprotonation reaction in the
excited state is very slow and does not compete with the radiative constant. Therefore,
this decay time unequivocally defines a value for ko2 = 1/12. Decreasing the pH the neutral
species were also presented, being the main form at pH values lower than the pKa.
However, the anionic form is preferentially excited at Aex =485 nm, due to its large molar
absorption coefficient. Moreover the higher quantum yield of anionic species, as well as
the low fluorescence quantum vyield of the neutral form (“on/off”), makes the
fluorescence of this latter one difficult to detect. Although such shorter decay time
appears at lower values of pH (pH below 3.8) results in a very small aicontribution in the
full decay time. By using Aex = 440 nm, the neutral form was preferentially excited, and
the short decay time (11 = 0.021 + 0.003 ns) is detectable even at higher pH values (pH
higher than 4.50); but keeping in any case a small a1 contribution. In contrast, the ©1
decay time may not be specifically assigned to the neutral, ko;, radiative constant
because this decay time also contains the excited-state dissociation rate constant kz;.

From the global analyses of decay traces collected in the absence of acetate buffer, we



estimated a value for koz = (3.02 £ 0.01) x 10%s7! and for the sum of rate constants (ko1

+ k1) = (5.25 + 0.71) x 1010 s,

In order to fully describe the ESPT reaction mediated by acetate buffer the following
fluorescence decay surface was collected: pH range from 3.11 to 8.05, and different C®
(0, 21, 85, 170, 200, 340 and 400 mM) as a function of Aem (510, 520, 530, 540 and 550
nm), with Aex of 485 and 440 nm.

The complete decay surface was analyzed by using the global analysis (GA) approach,
which allows the direct determination of the underlying rate constants ki [26, 27].
Recovered decay times were fit to equation S7-12 in order to obtain the kinetic

constants of the proton transfer reaction in the excited state (Figure 3B).
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Figure 3: A) Kinetic model of ground- and excited-state proton-transfer reactions of compound
2 in presence of acetate buffer. B) Global fitting (solid lines) of the theoretical equations (eqgs
S$7-512 in the Supporting Information) to the decay times at different acetate buffer
concentrations (0, 21, 85, 170, 200, 340 and 400 mM) and pH values (3.17-8.05)

Rate Constant Value

(kor+ka1) / s72 5.25 (+ 0.71) x 10%°
koz / s 3.02 (£ 0.01) x 108
ke /MLst 4.07 (£ 0.12) x 108




k,/Mst 1.99 (£ 0.34) x 101!

Table 1: Recovered ESPT rate constant values from the Global Analysis of the Fluorescence
decays of Figure 3B.

The good fitting obtained provided estimations, compiled in Table 1, for all the rate
constants in Figure 3A. The rate constant values clearly show the much faster
deactivation of the neutral form, around two orders of magnitude more rapid than the
anion deactivation, which causes the fluorescence being dominated by the anion
emission. This correspondence of the simulated curves with the decay times obtained
and the sensitivity toward the acetate concentration establishes 2 as an appropriate dye

for screening the concentration of acetate at pH around 4.

In order to study the specific response of the dye to acetate in biological samples, we
also investigated the potential interference by the presence of other anions presented
in serum (pyruvate, glucose, phosphate, bicarbonate and fluoride). No changes in the
fluorescence of the dye were found in the presence of these anions except from fluoride,
where was observed a slight effect, but without significance in biological samples (see

Sl).

To take advantage of these results, we checked the capability of the dye to determine
acetate in biological samples trough Fluorescence Lifetime Imaging Microscopy (FLIM)
using synthetic serum. As monoexponential behavior in decay traces is a useful property
for a fluorescence-lifetime based sensor dye, we selected a pH value in which 2 had
monoexponential decay in the presence of acetate in order to obtain higher sensitivity.
To mimic the liquid biopsies, we used commercial solution of Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich D6546) containing inorganic salts, aminoacids,
vitamins, high glucose, and other components at different acetate concentration
ranging from 15 mM to 120 mM at pH 4.00. To recover the FLIM images, a biexponential
function model was used to analyze the decay in each pixel. Shorter decay time was
fixed at 1.5 ns that include the background signal of the medium autofluorescence, as
well as the possible dye-matrix interactions. The longer decay time was freely fitted
being tuned by the acetate concentration. Figure 4A shows the FLIM images

representing the dependent decay times recovered at different acetate concentration.



By using an arbitrary color scale the difference in the decay times can be appreciated by

change in the colors. Figure 4B shows the respective histograms recovered from Figure

4A.
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Figure 4: A) FLIM images from compound 2 in DMEM medium with different acetate
concentration at pH = 4.00. B) Histograms of lifetimes recovered from Figure 4A. C) Decay time
(dot) of the dye in DMEM medium at pH 4.00 obtained from FLIM images and recovered
lifetime (line) from the kinetic constants. Scale bars represent the standard deviation.

The average lifetimes of FLIM were also recovered and are shown in Figure 4C, joint with
the lifetimes predicted by the kinetic constants at pH 4.00. Even using samples with a
complex matrix, the similarity between the lifetime predicted and the experimental is

staggering.

4. Conclusions



In summary, a new fluorescent compound 2 has been synthesized, allowing acetate

determination in biological samples using fluorescence decay time sensors.

We recovered the kinetic constants of the species involved in the chemical equilibrium
presented in the pH range of interest. Finally, to inspect its future application as acetate
sensor in liquid biopsies, we checked the ability of this new dye to detect acetate
concentration changes using synthetic serum by FLIM. The results were very similar to
the decay times predicted by the kinetic constants. Futhermore, it is remarkable that,
under the conditions of the experiments performed in this work, the dye achieved the

millimolar order sensitivity.
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SYNTHETIC PART

General details

All reagents were used as purchased from standard chemical suppliers and used
without further purification. TLC was performed on aluminium-backed plates coated with silica
gel 60 (230-240 mesh) with F254 indicator. The spots were visualized with UV light (254 nm).
All chromatography purifications were performed with silica gel 60 (35-70 pum). NMR spectra
were measured at room temperature. *H NMR spectra were recorded at 300, 400, 500 or 600
MHz. Chemical shifts are reported in ppm using residual solvent peak as reference (CHCls: § =
7.26 ppm, CH,Cly: 6 =5.32 ppm, (CH30H: 6 = 3.31 ppm). Data are reported as follows: chemical
shift, multiplicity (s: singlet, d: doublet, t: triplet, q: quartet, quint: quintuplet, hept: heptuplet,
m: multiplet, dd: doublet of doublets, dt: doublet of triplets, td: triplet of doublets, bs: broad
singlet), coupling constant (J in Hz) and integration; *C NMR spectra were recorded at 75, 101,
126 or 151 MHz using broadband proton decoupling and chemical shifts are reported in ppm
using residual solvent peaks as reference (CHCls: 6 = 77.16 ppm, CH,Cl>: 6 = 54.0 ppm, (CH30OH:
4 =49.00 ppm). Carbon multiplicities were assigned by DEPT and HSQC techniques. High
resolution mass spectra (HRMS) were recorded using El at 70eV on a Micromass AutoSpec
(Waters) or by ESI-TOFF mass spectrometry carried out on a Waters Synapt G2 mass
spectrometer. Known compounds 1[1], 6[2] were isolated as pure samples and showed NMR

spectra matching those of the reported ones.

Synthesis

The corresponding synthesis was accomplished employing a very simple methodology
13-4 ysing as a key step a nucleophilic addition of an organolithium derivative to the

corresponding MOM-protected 2,7-difluoroxhanthenone derivative 5 (Scheme 1).



Synthesis of compound 5:
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Compound 6[2] (930 mg, 3.5 mmol) was dissolved in DMF dry (10 mL) and then NaH (703
mg, 17.6 mmol) was added. After stirring for 15 minutes the solution was treated with MOMCI
(1.1 mL, 14.0 mmol) and the mixture was stirred at room temperature for 3 h. It was then
diluted with EtOAc (20 mL), washed with saturated HCl (aq) (2 x 15 mL), dried over anhydrous
Na,SO, and the solvent removed under reduced pressure. The residue was purified by flash
chromatography (EtOAc/Hexane mixtures) to give the corresponding protected ketone 5in a
89 % yield, showing the following spectrocopic data: *H NMR (500 MHz, CDCls) § 7.94 (d, J
=10.6 Hz, 2H, H,), 7.26 (d, J = 6.6 Hz, 2H, Hj), 5.35 (s, 4H, O-CH-0), 3.55 (s, 6H, O-CH3).
B3C NMR (126 MHz, CDCl3) 6 174.7 (t, J=2.1 Hz, C), 153.5(d, J= 1.4 Hz, C), 151.2 (d, J =
13.3 Hz, C), 150.1 (d, J = 247.2 Hz, C), 115.5 (d, J = 6.2 Hz, C), 112.1 (d, J = 20.7 Hz, CH),
104.9 (s, CH), 95.5 (s, CHy), 56.9 (s, CH3). HRMS (ESI): m/z [M-H]* calcd for C17H15F20e:

353.0837; found: 353.0837.



General procedure for the synthesis of compounds 1-4:

A solution of the corresponding bromoaryl derivative (0.2 mmol, 1 eq.) in THF (2 mL) at
—789C, was treated with n-BuLi (0.22 mmol, 1.1 eq). After keeping the reaction at that
temperature for 20 minutes ketone 5 (0.1 mmol, 0.5 eq) was added to the solution. Then, the
mixture was stirred at —782C for 15 minutes and after allowed to reach room temperature. The
reaction was monitorized by TLC and after consumption of ketone 5 and then HCI (10%) was
added promoting and a colour change from pale yellow to orange. Finally solvent was removed
under reduced pressure and residue was submitted to flash chromatography in CH,Cl,: MeOH

mixtures, affording compounds 1-4, whose spectroscopic data are reported below:

Compound 2: Orange solid obtained in 62 % yield. *H NMR (500 MHz, MeOD) & 7.16
(d, J = 8.5 Hz, 1H, Hs), 7.08 (d, J = 2.5 Hz, 1H, H3), 7.03 (dd, J = 8.5, 2.5 Hz, 1H, Ha), 6.89 (d, J =
7.1Hz, 2H, H;), 6.81 (d, J = 11.1 Hz, 2H, H>), 3.92 (s, 3H, -OCHs), 2.04 (s, 3H, -CH3). 3C NMR (126
MHz, MeOD) 6§ 162.6 (s, C), 156.4 (s, C), 155.6 (s, C), 154.5 (d, J = 249.5 Hz, C), 148.1 (s, C),
139.0 (s, C), 131.4 (s, CH), 125.3 (s, C), 117.2 (s, CH), 116.1 (d, /= 8.0 Hz, C), 113.1 (s, CH), 113.0
(d, J=22.1 Hz, CH), 106.2 (d, J = 4.0 Hz, CH), 55.9 (s, CH3), 19.9 (s, CHs). HRMS (El, 70 eV): m/z

[M]* calcd for C21H14F204: 368.0860; found: 368.0860.




Compound 3: Orange solid obtained in 68 % yield. *H NMR (500 MHz, MeOD) & 7.14
(d,J=8.4 Hz, 1H, Hs), 7.06 (d, J = 2.5 Hz, 1H, H3), 7.01 (dd, J = 8.4, 2.6 Hz, 1H, Hy4), 6.67 (d, J =
7.5 Hz, 2H, H1), 6.66 (d, J = 11.5 Hz, 2H, H3), 3.92 (s, 3H, -OCH3), 2.05 (s, 3H, -CH3).3C NMR (126
MHz, MeOD) 6 170.94 (d, J=17.0 Hz), 160.81 (s), 156.14 (s), 155.4 (s), 154.96 (d, J = 249.5 Hz),
137.33 (s), 129.81 (s), 124.78 (s), 115.58 (s), 111.36 (s), 110.48 (d, J = 22.4 Hz), 110.44 (d, J =
8.3 Hz), 104.71 (d, J = 5.4 Hz), 54.45 (s), 18.43 (s). HRMS (ESI): m/z [M-Na]* calcd for

C21H14F2NaOg4: 391.0752; found: 391.0743.

Compound 4: Orange solid obtained in 54 % yield. *H NMR (600 MHz, MeOD) § 7.28 (d, J =
1.6 Hz, 1H, Hs), 7.27 (dd, J = 7.8 Hz, J = 1.6 Hz, 1H, Ha), 7.15 (d, J = 7.8 Hz, 1H, Hs), 6.71 (d, J
=11.6 Hz, 2H, H,), 6.64 (d, J = 7.5 Hz, 2H, Hj), 3.77 (s, 3H, -OCHs), 1.46 (s, 9H, tBu). 3C
NMR (151 MHz, MeOD) 6 172.3 (d, J = 17.8 Hz, C), 157.8 (s, C), 157.5 (s, C), 156.8 (s, C),
156.2 (d, J = 248.9 Hz, C), 155.0 (t, J = 5.2 Hz, C), 131.1 (s, CH), 120.3 (s, C), 118.9 (s, CH),
112.2 (d, J = 22.5 Hz, CH), 111.9 (d, J = 8.6 Hz, C), 110.0 (s, CH), 105.9 (d, J = 5.2 Hz, CH),
56.1 (s, CHs), 36.2 (s, C), 31.7 (s, CH3). HRMS (ElI, 70 eV): m/z [M]* calcd for Ca4H20F204:

410.1330; found: 410.1333.
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Absorption studies
If a neutral/anion system follows Beer’s law, at any wavelength (Aass) and pH, the absorbance

(A) is given by the expression
AlpH, A,,) = C(Z a,(pH,pK,_,)e,( /Iabs)jd , (S1)

where C is the total concentration of the dye, d is the optical path length, &(Aass) is the
wavelength-dependent molar absorption coefficient of the ith prototropic form of the dye, and

ai(pH, pKn-a) is the fraction of the dye in the ith prototropic form, which depends on both pH

and pKn-a.
L (52)
[H"]+K,_,
@y =t ($3)
[H"]+K,_,

Steady-State studies

The total fluorescence signal F(ex, Aem, [H]) at proton concentration [H*] due to excitation at

Aex and observed at emission wavelength Aem can be expressed as

+ men [H+ ] + FmaxKa
F(kex'kem’[H ]): K +[H+] ! (84)

where Frmin indicates the fluorescence signal of the neutral form of the dye and Fmax denotes the
fluorescence signal of the anion form of 2-Me-TM. Fitting eq. S4 to the fluorescence data F(Aex,

Xem, [H*]) as a function of [H*] yields values for Ka, Fmin, and Frmax.

Quantum yield values from steady-state fluorescence measurements were calculated for the
anion forms using fluorescein in 0.1 M NaOH as a reference (¢drwo = 0.95). The quantum yield of
the neutral form was obtained by fitting the steady-state fluorescence spectra to the equilibrium

equation S5 once the values of ¢a were known.



F(}' }\'em’[H+]):CdyeKa [¢N8NaN +¢A$AaA] (85)

ex /

Exited State Proton transfer reaction studies

The theory and methods of solving buffer-mediated ESPT reactions are well-established
[5-8].

If the photophysical system as shown in Scheme 2 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 (Aem,Aex,t), at emission wavelength Aem due to

excitation at Aex is given by

f(4,.,,.t)=p,e™ +p,e™ t>0 (S6)

em !

in which eq S6 has been written in the common biexponential format,where

_—(a+c)F./(c—a)’ +4bd (s7)

1,2

2
a=ko1+ ka1+ kB [R]; (S8)
b=ki2[H*]+ kB12[RH]; (S9)
c=koz + ki2[H*]+ kB12[RH]; and (S10)
d=ka1+ kB2 [R]. (S11)

[R] and [RH] are related to the total buffer concentration, CB=[R]+[RH], by the
expressions [RH] = CB [H]/([H']+ KaB) and [R] = CB KB/([H'T+ KaB), where KaB is the
dissociation constant for the reversible reaction RH < R + H".

The yfactors are related to the lifetimes 7 and = by the expression

;o= 1 (S12)

V1.2
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Figure S1 Absorption spectra of compound 1 (6 x 10 M) at different pH concentration (from
1.02 to 6.06)
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Figure S2 Absorption spectra of compound 3 (3.2 x 10-6 M) at different pH concentration
(from 2.65t0 7.73)
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Figure S3 Absorption spectra of compound 4 (3.2 x 10 M) at different pH concentration (from
0.83 10 6.04)
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Figure S4 Normalized fluorescence emission of anion and neutral species of compound 2
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Figure S5 Curves generated by fitting (equation S) the normalized fluorescence by absorbance
versus pH. Data from figure 2
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Figure S6 Fluorescence emission spectra of compound 1 (6x10° M) in acetate (255 mM)
solution at different pH values (from 1.84 to 9.33)
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Figure S7 Fluorescence emission spectra of compound 3 (6x10° M) in acetate (255 mM)
solution at different pH values (from 1.84 to 8.06)
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Figure S8 Fluorescence emission spectra of compound 4 (6x10® M) in acetate (340 mM)
solution at different pH values (from 1.95 to 7.23)

Compound Amax abs Amax abs Isosbestic pKa(abs)/ da/ On Tanion /NS Theutral
anion neutral point pKa" /ns
1 492 445/480 457 4.66+0.06 0.79/0.12 4.80 4.00
4.04+0.02/4
2 492 450/478 458 15+0.07 0.65/0.02 3.30 0.02
3 492 450/478 450 4.78+0.02/ | 0.56/0.01 3.22 0.02
4.32+0.13
4 492 440/474 447 /4. 9740.03 0.64/0.04 3.75 0.008

Table S1 Photophysical parameters of all compounds.
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Figure S9 Dependence of the fluorescence emission to acetate concentration. In the range of
acetate studied was found an acceptable linearity between fluorescence emission and acetate
concentration at pH = 4.00. Linear fit obtained a R?= 0.92

Competitive studies with other anions

We checked common anions present in cell culture medium (pyruvate, glucose, phosphate and
bicarbonate) at pH 4 and normal concentration in medium by time resolved fluorescence.
Lifetime of the dye is not changed (table S2).

Anion Lifetime / ns error

bicarbonate 0.04 M 3.22 0.0018
bicarbonate 0.024 M 3.24 0.0019
pyruvate 0.00125 M 3.24 0.0025
glucose 25 mM 3.23 0.0021
phosphate 4.5 mM 3.14 0.0021
phosphate 20mM 3.15 0.0017




Table S2 Lifetime of compound 2 (6x10° M) at pH=4 in presence of different anions

Also, F~ and CN~(table S3) were measurements. Only F~ anions show some reaction with dye,
but lower than acetate (Figure S9). Normal concentration in serum for F7[9]( 0.7 uM - 8 uM) is
around 100 times lower than acetate concentration[10] (0.074 - 0.621 mM.) For these reasons,
fluorescence or lifetime decrease in serum could be assigned exclusively to acetate.

CN' / mM Lifetime/ ns error

0 3.28 0.0052
100 3.29 0.0034
200 3.29 0.0038
300 3.28 0.0030
400 3.29 0.0028
500 3.29 0.0030
600 3.29 0.0035
700 3.29 0.0029

Table S3 Lifetime of compound 2 (6x10° M) at pH=4 in presence of different CN-
concentrations
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Figure S10 Lifetime changed between dye (6x10° M) without acetate or fluor anions and in
presence of one of them (500 mM) at different pHs
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