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pathologic states. Currently described fluorescent pH probes are based on single acid-base equilibria, and for this
reason are intrinsically unable to capture the wide range of cell pH, usually spanning over more than four units.
Here we describe a fluorescent pH biosensor based on a conjugated coumarin-triazine scaffold that is excitable in
the visible range, shows pseudo-linear ratiometric response over more than 6 pH units with a single fluorogenic
unit, and allows imaging of the whole endo-lysosomal pH landscape of living cells with a single acquisition. The
probe can discriminate, on the basis of intracellular acidity, between physiologic and tumor cells, being
potentially suitable in perspective as diagnostic tool.

1. Introduction

Fluorescent dyes are an established tool to investigate molecular
processes at cell and subcellular level. Transient modifications in
physical parameters can in fact signal -or cause- pathologic states [1,2]
and are increasingly recognized as important hallmark of cell regulation
[3]. For this reason, an increasing interest has risen in recent years in the
field of environmentally sensitive probes to measure intracellular pH
[4-6], dielectric constant [7,8], or viscosity [9]. Despite the important
advances in the development of new fluorescent platforms, the avail-
ability of fluorescent biosensors excitable a biocompatible wavelengths
with large dynamic range is still very limited, especially for the mea-
surement of physico-chemical parameters that rely on the equilibrium
between two differently emissive states. A striking example is repre-
sented by pH sensitive biosensors, whose detection principle is based on
the presence of conjugated base-acid pairs with different emission. The
presence of a single protonation site leads to a limited response to pH
changes, usually restricted to one pH unit [6]. Such a strict dynamic
range represents a particularly severe limitation when a comprehensive
insight in complex biologic environments is required. Physiologic cell

* Corresponding authors.

pH spans from 8 (mitochondria) to 4.5 (lysosomes) in normal condi-
tions, with even more extreme values routinely observed in specific
organisms (e.g. acidophilus bacteria) [10-12]. Additionally, subtle pH
changes occur -and to a certain extent drive- endocytic vesicle pro-
cessing [5]. Overall, pH range in living cells simply spans over a range
far too wide to allow reliable measurements to be carried out exploiting
the linear response range of a single sensor. This is particularly frus-
trating in view of the increasing interest in the use of pH as a guideline to
detect circulating tumour cells [13] and in the study of endo-lysosomal
environment [3], which is reportedly dysregulated in several pathol-
ogies [14]. Notably, pH imbalance, both at intracellular [15] and
extracellular [16] level, is a well described tumour hallmark, strictly
bound to altered glycolytic metabolism [17] and to a strict interplay
between charge-changing mutations in proteins and adaptability to
altered pH values [18].

Even in the ideal scenario of a sensor perfectly centered on the pH
interval of interest, any variation at the extremes of this scale would be
filtered out by the lack of sensitivity of the sensor at the extremes of
equilibrium curve. Composite sensors formed by using two or more
fluorescent probes with different pK, can be engineered to address this
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issue [19]. Unfortunately, the presence of multiple fluorophores makes
challenging their applicability to advanced imaging techniques, that
usually require a single emitting unit. Indeed, the presence of two
emissive units can easily lead to selective photobleaching that in turns
causes poor accuracy in the measurement.

Several scaffolds have been proposed as fluorescent pH sensors
[20,21]. Yet, most of them rely on combination of two or more dyes
[19,22] are based on simple fluorescence intensity change [23], or show
a limited linear dynamic range [24,25]. Overall, the challenge of real-
izing a ratiometric pH probe based on a single fluorophore with large
linear dynamic range is still unmet.

2. Material and methods
2.1. Reagents and instruments

All solvents and chemicals were purchased from Sigma-Aldrich and
used without further purification. Silica gel 60 F254 sheets (Merck) were
used in analytical thin-layer chromatography (TLC). LC chromato-
graphic separation were performed on a Rf Combiflash preparative pu-
rification system. Evaporation was performed in vacuo (rotating
evaporator). Sodium sulfate was used as drying agent.

1D and 2D-NMR were recorded with a Bruker Avance III 300 spec-
trometer, using the indicated deuterated solvents. Chemical shifts are
given in parts per million (ppm) (6 relative to residual solvent peak for
1 and 3Q).

Purity and MS spectra of synthesized compounds were determined
using a Shimadzu Nexera UHPC equipped with a diode array detector
and interfaced with an ABSciex API 3200 QTRAP mass spectrometer,
using the parameters specified below:

LC conditions: column: Phenomenex Proteo column (4.6x250 mm)
Mobile phases: water/TFA 100/0.01 v/v and Acetonitrile/Water/TFA
95/100/0.01 v/v.

MS conditions: Ionization mode: ESI. Curtain gas 10 mL/min; Ion
spray voltage: 5500 V; Temperature: not used; Declustering potential:
75 V; Entrance potential: 10 V; Collision energy: 50 eV; Collision energy
potential: 43 V.

Retention times (HPLC, tg) are given in minutes. Compound HPLC
purity was evaluated at 254 and 220 nm.

2.2. Synthesis of 2,4-dichloro-6-(2,2-dimethoxyethenyl)-1,3,5-triazine
(€))]

13.5 g of cyanuric chloride (73 mmol) and 35 g of ketene dimethyl
acetal (397 mmol) were suspended in diethyl ether (400 mL). Suspen-
sion turned yellow almost immediately. Reaction mixture was refluxed
for 6 h and left 48 more hours at room temperature. Diethyl ether was
then removed in vacuo. Product 1 was resuspended in cyclohexane and
filtered, yielding 15 g (90%) of yellow flakes.

'H NMR (300 MHz, CDCly), § (ppm) = 3.77 (s, 3H), 3.95 (5,3H), 7.25
(s, 1H). 13C NMR (75 MHz, CDCls), § (ppm) = 44.4, 51.1, 53.1, 167.5,
172.3, 176.4.

2.3. Synthesis of 3a-d

2.3.1. General procedure

In a typical reaction, 0.9 g of 2,4-dichloro-6-(2,2-dimethoxyethenyl)-
1,3,5-triazine 1 were dissolved in 50 mL of acetonitrile. 2.1 M equiva-
lents of the appropriate nucleophile and 2 M equivalents of of N,N’
diisopropyl ethylamine were added, and the mixture refluxed until
complete conversion to trisubstituted product was achieved. Solution
was diluted with water (25 mL) and trifluoroacetic acid was immedi-
ately added until pH 2 was obtained. Solution was stirred 1 h and vol-
atile solvents were removed in vacuo. Aqueous phase was extracted with
ethyl acetate, and the resulting organic phase was dried over sodium
sulphate and evaporated to dryness, to afford compound 2. The crude
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product was dissolved in anhydrous methanol (ethanol was used for 3d),
1 equivalent of naphthyl hydroxybenzaldehyde was added, followed by
five drops of piperidine. The reaction mixture was refluxed until com-
plete conversion was achieved, monitored by HPLC (usually 12-48 h),
then cooled and acidified with TFA. Organic solvent was removed in
vacuo leaving the last 1-2 mL, water was added (30 mL), and the
product was triturated overnight. Finally, the product was filtered on
Buchner funnel.

2.3.2. Characterization of 3a

Yellow solid, yield: 87%

'H NMR (300 MHz, CDCl), § (ppm) = 9.60 (s, 1H), 8.40 (d, >J = 8
Hz, 1H), 8.10 (d, 3J = 9 Hz, 1H), 7.94 (d, >J = 8 Hz, 1H), 7.75 (, S = 7
Hz, 8 Hz, 1H), 7.61 (t, °J = 7 Hz, 8 Hz, 1H), 7.52 (d, 3J = 9 Hz, 1H), 4.17
(s, 6H).

13C NMR (75 MHz, CDCls), § (ppm) = 172.8, 157.4, 155.6, 136.3,
135.6, 130.3, 129.5, 129.2, 128.9, 126.4, 121.7, 121.4, 116.7, 112.8,
55.5.

MS (ESI+, m/z):): 337.2, 336.3 [M+H '], 304.2, 293.3, 279.2, 236.2,
222.4.

2.3.3. Characterization of 3b

Yellow solid, overall yield: 82%

'H NMR (300 MHz, CDCl), § (ppm) = 9.27 (s, 1H), 8.32 (d, >J = 8
Hz, 1H), 7.99 (d, 3J = 9 Hz, 1H), 7.90 (d, 3J = 8 Hz, 1H), 7.70 (t, S = 7
Hz, 8 Hz, 1H), 7.56 (t, °J = 7 Hz, 8 Hz, 1H), 7.46 (d, 3J = 9 Hz, 1H), 3.86
(s, 8H), 1.66-1.62 (m, 12H).

13C NMR (75 MHz, CDCl3), § (ppm) = 168.3, 164.6, 158.4, 154.6,
140.1, 133.9, 130.2, 129.5, 129.0, 128.3, 126.0, 121.7, 116.8, 113.2,
44.3, 25.8, 25.7, 24.9.

MS (ESI+, m/z): 443.3, 442.5 [M+H'].

2.3.4. Characterization of 3c

Yellow solid, overall yield: 78%

'H NMR (300 MHz, DMSO-de), § (ppm) = 9.97 (bs, 2H), 9.46 (s, 1H),
8.54 (d, 3J = 8 Hz, 1H), 8.30 (d, 3J = 9 Hz, 1H), 8.11 (d, 3J = 8 Hz, 1H),
7.87-7.79 (bm, 5H), 7.69-7.63 (m, 3J = 9 Hz, 9 Hz, 2H), 7.36-7.31 (m,
8] = 8 Hz, 8 Hz, 4H), 7.08-7.03 (m, 3J = 7 Hz, 7 Hz, 2H).

13C NMR (75 MHz, DMSO-de), § (ppm) = 169.5, 164.4, 157.8, 154.8,
143.4, 141.3, 139.7, 135.3, 130.4, 129.6, 129.5, 129.3, 128.9, 126.8,
123.2, 122.4, 121.0, 117.0, 112.9.

MS (ESI+, m/2): 460.3, 459.7, 458.5 [M+H "1, 442.4, 298.3.

2.3.5. Characterization of 3d

Yellow solid, overall yield: 84%

'H NMR (300 MHz, DMSO-dg), 6 (ppm) = 9.31 (s, 1H), 8.44 (d, °J =
8 Hz, 1H), 8.22 (d, 87=9 Hz, 1H), 8.04 (d, 3j=8 Hz, 1H), 7.78-7.74 (m,
3] =6 Hz, 7 Hz, 1H), 7.62 (t, 3J = 7 Hz, 8 Hz, 1H), 7.54 (d, °J = 9 Hz),
4.50 (s, 4H), 4.33 (s, 4H), 4.12 (q, 3] =355 Hz, 8H), 1.22 (t, 37=7.18
Hz, 6H), 1.13 (t, 37 = 7.18 Hz, 6H).

13C NMR (75 MHz, DMSO-de), § (ppm) = 170.6, 170.2, 169.7, 165.2,
156.9, 155.0, 135.6, 130.2, 129.5, 129.4, 126.8, 122.5, 122.1, 116.9,
112.7,112.6, 61.2, 52.3, 14.5.

MS (ESIT, m/2): A mixture of ethyl and methyl ester was identified.
For each compound, the following spectrum was recorded: tetraethyl:
652.5, 651.4, 650.4 [M+H"]; triethyl-methyl: 638.5, 637.5, 636.5
[M+H']; diethyl-dimethyl: 623.5, 622.4 [M+H']; ethyl-trimethyl:
609.5, 608.4 [M+H"]

2.4. Synthesis of 4

Compound 3d (100 mg) was dissolved in methanol (50 mL). 1 M
Triethylammonium bicarbonate solution (10 mL) was added to the
methanolic solution and the mixture was stirred at 50 °C until complete
saponification was achieved (usually 1 h). Reaction mixture was acidi-
fied with TFA, volatile solvents were removed in vacuo, and the
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resulting solid was collected by filtration.

2.4.1. Characterization of 4

Yellow solid, isolated yield: 85%

"H NMR (300 MHz, DMSO-de), § (ppm) = 9.40 (s, 1H), 8.54 (t,°J = 8
Hz, 5 Hz, 1H), 8.26 (d, °J = 9 Hz, 1H), 8.07 (d, 3J = 8 Hz, 1H), 7.77 (1, 3J
= 7 Hz, 8 Hz, 1H), 7.66-7.57 (m, 2H), 4.42 (s, 4H), 4.29 (s, 4H).

13C NMR (75 MHz, DMSO-de), § (ppm) = 171.8, 171.4, 165.2, 165.2,
157.1, 155.0, 141.8, 135.4, 130.3, 129.5, 129.3, 126.7, 123.0, 122.9,
116.9, 112.9, 49.8.

MS (ESI+, m/z): 538.8 [M+H1, 524.0, 474.8, 442.8, 405.4, 290.0,
257.3.

2.5. Spectroscopic characterization

Typically, 1 mL samples were used in appropriate quartz cuvettes
(Hellma, Milan, Italy) all displaying an absorption/excitation optical
path of 1 cm. Absorption data were recorded at 25 °C in a JASCO V550
spectrophotometer (JASCO Europe, Cremello, Italy) using 1 nm band-
pass, 1 nm step-size and 0.25 s integration time. Fluorescence intensity
measurements were carried out with a Cary Eclipse fluorometer (Varian,
Palo Alto, CA), using 1 nm band-pass, 1 nm step-size and 0.2 s inte-
gration time. Quantum yields were determined according to reported
procedures, using quinine sulphate as reference dye. pH titration was
performed dissolving the dyes in 20/10 mM citrate/phosphate buffer at
pH 7. Solution was then gradually acidified by addition of 1 M hydro-
chloric acid. For each experimental point pH was measured and spectra
were corrected for the dilution factor due the added volume.

Sensitivity to cations was evaluated with the same approach, using a
sodium acetate (10 mM) solution buffered at pH 4.5. Increasing amounts
of 1 M aqueous solution of NaCl, KCl, MgSO4, or CaCl, were added to the
initial solution up to a final concentration of 200 mM Fluorescence
emission was corrected for dilution factor and normalized to that
measured for the original solution containing only the probe and the
initial buffer.

2.6. Cell viability assay

MCF7 and MCF10 cells (7 x 10%) were seeded in triplicate into a 96-
well plate and allowed to adhere overnight in a humidified atmosphere
of 5% COs. Cells were treated with increasing volumes of 4 (stock so-
lution: 50 mM in DMSO) to obtain final concentration of 1.56 pM, 3.125
pM, 6.25 pM, 12.5 pM, and 25 pM. Positive control of cell cytotoxicity
was obtained by treating the cells with 20% DMSO. Cells were incubated
with WST-1 reagent (Clontech Laboratories, Mountain View, CA) for 1 h
at 37 °C and the absorbance was read at 450 nm with the Infinite® 200
PRO NanoQuant plate reader (Tecan) to assess viability. Absorbance
values were normalized using the absorbance of untreated and 20%
DMSO-treated cells as 100% and 0% viability, respectively.

2.7. Live cell imaging and intracellular pH measurement

2.7.1. pH calibration

Compound 4 was dissolved in citrate-phosphate buffer at different
pH (3.7, 4, 5.56, 7) at a final concentration of 5 uM. Images were
recorded at an excitation wavelength of 405 nm. Channel 1 and channel
2 were set at 415-470 nm and 480-580 nm, respectively. Average in-
tensity for each channel was background subtracted and GP, defined as
(Ch1-Ch2)/(Chl + Ch2) was plotted against pH. Linear fitting afforded
the calibration curve for pH measurement.

2.7.2. Cell culture

MCF7 and MCF10a cells were provided from the American Type
Culture Collection (ATCC). MCF7 were grown in low glucose DMEM
medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% FBS (Thermo Fisher Scientific), 100 U/ml penicillin (Thermo
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Fisher Scientific) and 100 pg/ml streptomycin (Thermo Fisher Scienti-
fic). MCF10a (ATCC CRL10317) were grown in MEGM Mammary
Epithelial Cell Growth Medium BulletKit (Lonza, Basel, Switzerland)
supplemented with 100 U/ml penicillin (Thermo Fisher Scientific) and
100 pg/ml streptomycin (Thermo Fisher Scientific). Cells were main-
tained at 37 °C in a humidified 5% CO5 atmosphere. Cells were incu-
bated for 24 h before imaging. For live imaging, 150.000 cells were
plated onto 35-mm glass bottom dish (WillCo-dish GWSt-3522) 24 h
prior to experiments at 60-80% confluence. For the experiments, the
cells were loaded for 15-30 min with compound 4 (5-10 pM). The
fluorescent probe, solubilized in DMSO (25 mM), was dissolved directly
in serum-free cell medium.

2.7.3. Imaging in living cells

Cell fluorescence was measured using an Olympus FV3000 inverted
confocal microscope interfaced with 405, 488, 561, and 633 nm laser
lines. Glass bottom Petri dishes containing cells were mounted in a
thermostated chamber at 37 °C and 5% CO, and viewed with an
UPLSAPO 60x 1.42 NA oil immersion objective. The pinhole aperture
was set to 1.0 Airy. Images were collected monitoring the emission using
two detection channels (Chl and Ch2) set at 415-470 nm and 480-580
nm, respectively. During the experiments, untreated cells were imaged
in parallel with the samples to evaluate the potential contribution of cell
autofluorescence, whose intensity was maintained below 3% of the
fluorophore signal. Data were analysed by Imagej 1.52a package and by
Origin-Pro7 package. Image processing involved thresholding of both
channels based on their respective background signal (average + 3 s.d.).
pH channel was calculated from the thresholded channels using the
formula GP= (Ch1-Ch2)/(Chl + Ch2). The obtained GP was trans-
formed in pH units using a linear calibration obtained with free fluo-
rophore in buffered solutions.

2.7.4. Imaging of cells buffered at different pH

Imaging of cells buffered at different pH was performed using a
commercial Intracellular pH Calibration Buffer Kit (Life Technologies,
P35379). Cells were treated according to manufacturer instructions, and
after addition of the probe in DMSO images were taken with the same
setup describe above. To ensure that no cytotoxic effect from pH alter-
ation occurred, each calibration point was obtained using fresh cells and
imaging for each point lasted not more than 30 min.

2.7.5. Colocalization analysis

The subcellular localization of 4 was investigated with fluorescent
organelle markers purchased from Invitrogen. All staining protocols (i.e.
incubation time/temperature, and medium replacement) were carried
out according to the manufacturer’s instructions. Lysosomes were
selectively stained with Lysotracker Deep Red (10 nM); images were
taken by setting Aexe = 640 nm and Aey, = 650-700 nm. Mitochondria
were stained using Mitotracker deep red, according to the manufacturer
instructions. Colocalization analysis and determination of Manders’
coefficients were performed by means of the Colocalization Finder
plugin of ImageJ image software

3. Results and discussion

In the framework of our long-standing research line on fluorescent
biosensors [7,8], we addressed this issue by developing a biosensor with
an extended linear response to pH changes. To this end, we focused on
coumarin backbone, which is characterized by excellent photophysical
properties [7]. To confer pH dependence we selected s-triazine platform
as a flexible scaffold to insert pH sensitive units. The use of hetero-
aromatic substituents to confer pH sensitive properties to coumarin
fluorophores has already been reported and leads to good sensitivity in
extreme pH conditions [10]. 1,3,5-triazines have been widely investi-
gated as fluorescent whitening agents and as scaffold for dye synthesis
[26], and are synthetically attractive due to their easy derivatization by
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simple substitution starting from cyanuric chloride. Surprisingly,
triazine-substituted coumarins have been almost completely neglected
since their first synthesis in 1967 [27,28], and their photophysic
behavior is completely unknown. The interesting chemical and photo-
physical features of triazine-based systems, however, make this platform
highly promising to develop solvatochromic fluorescent sensors. To this
end, we set up a general synthetic approach reported in Scheme 1, with
the aim of obtaining a robust and flexible approach suitable for the
development of a palette of triazino coumarin derivatives.

We took advantage of the well-known smooth reactivity of hydrox-
ybenzaldehydes with p-aryl esters in Knoevenagel conditions. We syn-
thesized the necessary triazine ester by simple reaction between ketene
dimethyl acetal and trichlorotriazine [29], followed by substitution of
the two remaining chlorine atoms with oxygen- or nitrogen-based nu-
cleophiles (Scheme 1). Note that in this work two identical substituents
were used, but due to the modulable reactivity of chlorotriazines it is
possible to insert two different substituents without increasing synthetic
complexity. Work up in aqueous acid conditions afforded the desired
intermediates 2a-d in nearly quantitative overall yields. Condensation
with naphthyl hydroxybenzaldehyde lead to the formation of target
compounds 3a-d in excellent yields (Table 1). Starting from tetraester
3d, we finally obtained the tetraacid 4 by simple saponification in basic
aqueous conditions. Notably, all the obtained compounds were purified
by simple precipitation from the reaction mixture, without any use of
chromatographic separation.

Main photophysical properties of the synthesized dyes are reported
in Table 1 and in Table S1. Interestingly, all compounds show absorption
maxima at wavelengths typical of coumarin-based systems (370-400
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Table 1
Photophysical characterization of triazinyl coumarins.
RH Amax Amax DMSO Abs Amax na (390
H,0" (e x 10M (em)” nm)’
3a MeOH 378 378 (1.4) 465 0.61
3b  Piperidine 378 370 (1.2) n.d. n.d.
3c Aniline 386 370 (1.8) n.d. n.d.
3d Diethyl imino- 387 378 (1.5) 469 0.51°
diacetate
4 Imino-diacetic 373 377 (2.8) 460 0.08°
acid

@ Measured at pH = 7.

b jsolated as a mixture of methyl- and ethyl-esters. Yield calculated on the
recovered product and chromatographic area ratio between the esters.

¢ Measured at pH = 4. Fluorescence quantum yield is dependent on pH
(Table S1).

nm), with limited dependence on the nature of substituents on triazine
ring. Conversely, fluorescence emission is strongly affected by the na-
ture of substituents: both piperidine- and aniline- substituted derivatives
(3b and 3c) show negligible fluorescence emission, while methoxy- and
iminodiacetate- substituted 3a, 3d, and 4 are emissive at pH 7. Likely,
rotational deactivation occurring in nitrogen-substituted triazines leads
to the observed loss of fluorescence emission. This deactivation pathway
is at least partially inhibited by the more stringent steric requirements in
the case of 3d and 4. We then examined fluorescence dependence on pH
of the synthesized compounds. Amino-substituted derivatives 3b and 3c
are not emissive at any pH, while compounds 3a and 3d show a similar

OMe O
)C\' MeO™ ™ 1) Nucleophile (RH), MGOJ\/]\
OMe NI SN Et,0 NI N DIPEA, A . NI =N
reflux + =
OMe Cl)\N/)\CI Cl)\N//J\CI 2)H0. H R7 N R
1 2
RH = MeOH (2a), piperidine (2b)
aniline (2c¢),
diethyl iminodiacetate (2d).
O o} EtOH
H piperidine cat.
)I\ )N\ * O reflux
R™ N7 R OH
2
RH = MeOH (2a), piperidine (2b) RH = MeOH (3a), piperidine (3b)
aniline (2c), aniline (3c),

diethyl iminodiacetate (2d).

1) H,O/MeOH, OH"

diethyl iminodiacetate (3d).

2)H*

3d

Scheme 1. General synthetic pathway to triazinyl coumarins.
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trend involving almost no change in absorption spectrum and 30 nm)
emission red-shift in the 1-7 pH interval. Fluorescence emission is
almost unaffected in the pH range 3-7 and decreases significantly below
this value (Fig. S1). This behavior suggests a marginal role of the nature
of the heteroatom substituent on triazine (oxygen or nitrogen) on
emission properties, and a limited influence exerted by protonation of
nitrogen atoms on the triazine system, that could play a more pro-
nounced role at low pH, as suggested by the bathochromic shift occur-
ring in absorption spectrum (Fig. 1), in agreement with what previously
observed for similar systems [10].

Photophysical behavior of tetra acid derivative 4 is more complex
and informative. First, absorption spectrum is strongly dependent on
pH, with a significant bathochromic shift upon acidification (40 nm
between pH 7 and 1, Fig. S1). Emission spectrum is also strongly
dependent on pH and red-shifted fluorescence emission is observed at
lower pH (Fig. 1a). Of note, fluorescence quantum yield increases at
lower pH (Table S1), in contrast with what observed for its analogues
3a,d. A 35 nm red-shift of fluorescence emission maximum is observed
between pH 1 and 7 (Fig. 1a and S2). Note that probe emission is very
dim at neutral and basic pH, due to the low fluorescence quantum yields.
The observed modulation of fluorescence emission allows selecting
appropriate channels for ratiometric emission-based measurement.
Based on the observed response, 470 nm was chosen as the most
appropriate wavelength to separate the two channels for ratiometric
measurements. In these conditions, response of 3a and 3d is well

d

pH 2.06

1.0 A pH 4.5

0.8 A

0.6 A

0.4 A

Normalized emission (AU)

0.2 1

0.0 T T T T T T T
b 425 450 475 500 525 550 575 600
Wavelenght (nm)

1.4 4
y= 0.1908x + 0.0153

121 R2 = 0.9915

Ratio (400-470)/(471-600)

0.0 T T

1 2 3 4 5 6 7
pH

Fig. 1. (a) Normalized fluorescence emission spectra of 4 at different pH; (b)
plot of emission ratio (400-470 nm and 471-600 nm) dependence on pH.
Confidence interval (99%) is represented as a light grey area.
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described by a steep curve centered around pH 2 (Fig. S3) in keeping
with the presence of protonable groups at highly acidic pH. Conversely,
compound 4 presents an extremely smooth, nearly linear response that
extends over six pH units (Fig. 1b, S3).

The observed pH sensitivity is particularly striking if compared with
the nearly complete absence of pH response of the tetraester analogue
3d and suggests that the nitrogen atoms do not play a critical role in
modulating pH response at mildly acidic pH. The carboxylic acids are
not conjugated to the fluorophore system, thus the most reasonable
explanation for the observed pH dependence is the modulation of
rotational deactivation of the nitrogen atom with increase in fluores-
cence quantum yield. The presence of four carboxylic acids leads to the
establishment of a series of chemical equilibria between several pro-
tonated species, ultimately leading to the observed smooth, seemingly
linear pH shift of fluorescence emission not commonly found in two-
state ratiometric probes. To further confirm this hypothesis, we per-
formed a preliminary NMR investigation tailored to provide some hints
on the sensing mechanism. NMR spectra were recorded at three different
pH (6, 4, and 2), and proton chemical shift was compared (Fig. S4). We
observed as expected a shift towards high fields, which is, however,
dependent on the nature of the proton examined. Indeed, aliphatic
protons undergo a more pronounced shift (0.01 ppm) between pH 6 and
pH 4 and are less affected (0.005 ppm) by further acidification to pH 2.
Aromatic proton in position 4 on the coumarin ring is significantly more
affected, and with opposite magnitude. The pH 6 to pH 4 acidification
leads to increase of 0.01 ppm, while further acidification to pH 2 has a
more important effect (0.04 ppm). Overall, these results seem to indicate
that the response of the probe to mildly acidic conditions is largely due
to protonation equilibria on the carboxyl groups, while at more acidic
pH protonation of nitrogen atoms plays a prominent role. Conversely, 4
is not sensitive to the presence of biologically relevant mono- and
divalent cations (Na™, KT, Ca%", Mg2™) up to 200 mM, as shown by the
negligible change in fluorescence emission at different ion concentra-
tions (Fig. S5).

Next, we determined whether the observed pH sensitivity in cuvette
could be exploited in vitro. To this end, we selected two matched cell
lines, MCF7 and MCF10. The former is a metastatic breast cancer cell
line, while the latter is an epithelial, non-tumorigenic line which was
selected as control. Preliminary experiments demonstrated that the
probe is not cytotoxic at least up to 25 pM (Fig. S6). When 4 is admin-
istered to cultured cells, diffuse fluorescence is observed, with complete
staining of endo-lysosomal compartment (Fig. 2) including complete
staining of lysosomes (Manders’ coefficient: 0.94, Fig. 2a), and to a
lesser extent at mitochondria level (Manders’ coefficient: 0.71, Fig. 2b).
Time-lapse experiments performed with continuous irradiation on the
same field evidenced that the probe is photostable in standard imaging
conditions (Fig. S7). Finally, we evaluated pH sensing performances of
the probe in vitro by measuring the intensity ratio between two emission
channels (Aexec 405 nm, Aem 415-470 nm and 480-580 nm for channel 1
and channel 2, respectively). Imaging of MCF7 cells buffered at different
pH demonstrates that linear response of the probe observed in cuvette is
fully retained in vitro (Fig. S8), thus allowing reliable pH measurement
in living cells.

Finally, we set up a comparison between intracellular pH of patho-
logic and physiologic cells. As expected based on cell physiology, a
significant pH overlap was found between physiologic and tumor cells,
especially in the 5.5-6.5 region typical of the endosomal pathway.
However, when examining the whole pH landscape, it is evident that pH
distribution is markedly different between the two cell lines (6.02 and
6.7 for MCF7 and MCF10, respectively. Fig. 3, n = 40 for each cell type).
This difference is reflected also in the different distribution of measured
pH, which is considerably shifted towards more acidic values in MCF7
compared with their physiologic counterparts. Interestingly, the
increased brightness of the probe at acidic pH allows highlighting most
cell organelles. As a result, the average pH value reflects staining of the
entire endo-lysosomal pathway, in agreement with similar
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Fig. 2. Colocalization of 4 with lysotracker (left) and mitotracker (right). Probe
fluorescence is shown in green, marker fluorescence in red. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

measurements performed with different fluorescent probes [21]. Note,
however, that in this study we could capture at once the entire pH
pattern of the endo-lysosomal system, thus exploiting at its best the large
dynamic range of our probe.

The significant difference in sensed pH between physiologic and
tumor cells highlights the possibility to distinguish and localize tumor
cells even in the presence of physiologic tissues, allowing in perspective
precise identification of tumor states at single cell level.

4. Conclusions
In summary, we obtained a universal fluorescent pH sensor based on

triazine-derivatized coumarins that provides linear ratiometric response
to pH changes spanning six pH units, a three-fold improvement
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Fig. 3. (a) pH sensing in MCF7 (left) and MCF10a (right) living cells obtained
by ratiometric measurement of fluorescence emission from 4 (n = 40 for each
case); (b) normalized frequency distribution of pH measured in living cells.

compared with any other single fluorophore reported so far. This
impressive range allows achieving a whole picture of endolysosomal
pathway at once, thus giving a more comprehensive vision of intracel-
lular pH variations. The possibility to maintain strict linearity up to
exceptionally low pH could allow monitoring even the most extreme
variations and fluctuations in intracellular pH and find potential appli-
cations in life science, material science, and microscopy. Finally, the
high modularity conferred by the presence of the conjugated triazine
ring paves the way to the development of highly specific biosensors for
single- or dual-sensing applications or to improve fluorescence proper-
ties. Further studies are in progress to evolve this platform in more
optically performing systems by rational design.
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