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A new fluorescein derivative with ON/OFF features, 9-[ 1-(4-tert-butyl-2-methoxyphenyl)]-6-hydroxy-
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3H-xanthen-3-one (Granada Green, GG), was designed and synthesised. The new dye has spectral

characteristics similar to those of other xanthenic derivatives but shows a higher pK,, value for the
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equilibrium between its neutral and anionic forms. In addition, GG undergoes the same phosphate-

mediated excited state proton transfer (ESPT) reaction as other xanthenic derivatives, giving rise to
fluorescence decay traces that are dependent on both the phosphate concentration and the pH of the
medium. The phosphate-mediated ESPT reaction was employed to detect changes in the phosphate
concentrations in live, permeabilised MC3T3-E1 preosteoblasts at pH 7.35. Its high pKa value indicates
that this new dye is more sensitive as an intracellular phosphate sensor than other previously tested dyes,
as experimentally demonstrated by its ability to detect a wider range of phosphate concentrations in
biomimetic media and by the increased ratio of the phosphate concentration/decay time.

Introduction

Fluorescence lifetime imaging microscopy (FLIM) is an
attractive fluorescence technique for quantitative real-time sensing
of biologically important targets inside living cells.'™ In addition to
the high sensitivity and non-invasive character of fluorescence
methods, FLIM is an excellent alternative to fluorescence intensity
and fluorescence ratiometric measurements because it is
concentration independent and only a single excitation
wavelength/emission interval is required.* The detection and
quantification of phosphate inside live cells and in extracellular
media is relevant in the study of bone mineralisation, signal
transduction, and energy storage in biological systems.>”’
Nevertheless, the development of fluorescence sensors for measuring
phosphate under aqueous physiological conditions is challenging due
to strong hydration effects.® Beyond invasive approaches employing
radioactive phosphate, which are associated with a number of
drawbacks,” there are few chemical sensors that are capable of
detecting phosphate anions in an aqueous physiological system,'’
and none of them had successfully estimated the real-time
concentration of phosphate inside live cells until the recently
proposed xanthenic-based method."'

Fluorescein is a complex dye that, in aqueous solution at
physiological pH, can exist in mono- and dianion prototropic forms.

This journal is © The Royal Society of Chemistry 2013

In two pioneering papers, we showed that at near-neutral pH and in
the presence of 1 M phosphate buffer, which acts as a suitable proton
donor-acceptor, the excited-state reaction that interconverts the
mono- and dianion forms occurs very efficiently, and the
fluorescence decays of these excited mono- and dianions become
coupled; i.e., the presence of these excited-state proton-transfer
(ESPT) reactions influences the decay traces from excited
fluorescein and causes the decay times to vary depending on both the
pH and the phosphate concentration. On the contrary, at low
phosphate concentrations (5 mM phosphate buffer or less), the
excited monoanion and dianion are not coupled by the ESPT
reaction and thus decay independently of each other.'*'* The
phosphate-mediated ESPT reaction is not exclusive to fluorescein,
and the presence of phosphate also induces the ESPT reaction at
near-neutral pH in other xanthenic derivatives, such as 2’,7’-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF).* However,
the biexponential character of the fluorescence decays limits the use
of those dyes as possible lifetime-based sensors because the close
values of the two fluorescence decays prevent the use of the
fluorescence lifetime imaging microscopy (FLIM) technique.'®
Moreover, although one of the coupled fluorescence decay times
depends on the phosphate concentration in the medium, the other
one is practically insensitive to phosphate.

J. Name., 2013, 00, 1-3 | 1



Organic & Biomolecular Chemistry

A few years ago, with the aim of developing new
xanthenic dyes with improved spectral properties for specific
purposes, it was proposed that the fluorescein structure could be
divided into two parts: the benzoic acid moiety, as a photoinduced
electron transfer (PeT) donor, and the xanthene ring as the
fluorophore, in which PeT might determine the fluorescence
quantum yield (¢r). Thus, if the highest occupied molecular orbital
(HOMO) energy level of the benzene moiety is higher than a certain
threshold for electron transfer to the excited xanthene fluorophore
(a-PeT), the ¢ is small.'"” In the opposite direction, electron
transfer from the excited xanthene to the benzene moiety (d-PeT)
can occur if the lowest unoccupied molecular orbital (LUMO)
energy level of the benzene moiety is low enough, also resulting in
small ¢p."® On the contrary, fluorescein derivatives with high ¢y
should have benzene moieties with both low HOMO and high
LUMO energy levels. Thus, the energy levels of the pendant aryl
ring are directly related to the ¢g. It has also been shown that the role
of the carboxylic group is only to keep the benzene ring and the
xanthene moiety orthogonal to each other, and it can be replaced by
any other substituents. Although there is some theoretical
controversy about the direction of the PeT mechanism,'® based on
these ideas, new 9-aryl substituted fluoresceins were developed
without the carboxylic acid in the pendant aromatic ring at C-9,
which simplifies the number of prototropic species in aqueous
solution. Thus, the so-called Tokyo Green dyes, 9-[1-(2-methyl-4-
methoxyphenyl)]-6-hydroxy-3H-xanthen-3-one (2-Me-4-OMe TG)
and 9-[1-(2-methoxy-5-methylphenyl)]-6-hydroxy-3H-xanthen-3-
one (2-OMe-5-Me TG), do not have a carboxylic acid in the benzene
ring, although this is kept orthogonal to the xanthenone core.
Importantly, they have the advantage of being highly fluorescent at
basic pH values (anion form of the xanthene moiety), but their
quantum yield is near zero at acidic pH values (protonated form of
the xanthene moiety).?

In our aim to find fluorescein derivatives capable of
undergoing the characteristic phosphate-mediated ESPT reaction
with a single lifetime in the near-neutral pH region, we study the
photophysics of 2-Me-4-OMe TG and 2-OMe-5-Me TG in the
presence of phosphate buffer in the pH range between 5 and 10.2"-?
The results showed that both undergo the characteristic ESPT
reaction, in which the coupled fluorescence decay exhibits a
phosphate-sensitive component on the order of nanoseconds and a
second component on the order of subnanoseconds, whose value
becomes negligible at pH and phosphate concentrations greater than
6.0 and 0.02 M, respectively. In addition, the larger decay time is
highly sensitive to the phosphate concentration, while the presence
of other ions not involved in the proton-transfer reaction has a
negligible effect on the fluorescence decay time.”* Therefore, the
changes in the fluorescence decay time were considered a possible
direct means of investigating the environmental phosphate
concentration in a small volume at near neutral pH. Thus, in a recent
paper, we used the ability of 2-Me-4-OMe TG to undergo
phosphate-mediated ESPT to investigate the environmental
phosphate concentration at physiological pH.'" In this paper, it is
shown that the dependence of the recovered long decay times from
aqueous solutions of 2-Me-4-OMe TG on the phosphate
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concentration increases when the pH of the medium is near the pK,
of the dye. Because the pK, of 2-Me-4-OMe TG and 2-OMe-5-Me
TG and related derivatives are far from the physiological pH,*"* it is
desirable to obtain fluorescent dyes with pK, values that are higher
and closer to the physiological pH than that of 2-Me-4-OMe TG.

In an attempt to increase the pK,, one possible solution is
to incorporate other aliphatic electron donating groups without
modifying the optical properties of the dye. In this context, some
alkyl groups have been added to the xanthene core, thus causing an
increase in the pK, values (fluorescein as a reference, pK, 6.43;
BCECF, pK, 6.98; DHCF, pK, 6.60; DEF, pK, 6.61).2**” However,
the synthetic procedures are not suitable for a great variety of
substituents because of the harsh reaction conditions and the
restriction thus imposed on the starting materials. Recently, 9-alkyl
xanthenones with different aliphatic pendant groups have been easily
prepared, and their photophysical behaviour has also been
explored.?® Remarkably, some of them retained similar fluorescent
properties as those of fluorescein, including the characteristic
phosphate-mediated ESPT reaction and higher pK, values (6.20-
6.67) compared with TGs (5.97-6.04).2"** Nevertheless, this
approach to increase the pK, without modifying the spectroscopic
properties of the dye is limited by the electron donating nature of
alkyl substituents. The best result has been achieved using an
isopropyl group as a substituent (pK, 6.67). Unfortunately, 9-alkyl
xanthenones with better electron donating groups, such as the tert-
butyl group, could not be prepared. Bearing all these precedents in
mind, we thought that a tailor-made TG-type fluorescein might
exhibit lower acidity, with a pK, closer to the physiological pH. To
this end, the substitution of the phenyl at C-9 is critical, and two
synergic effects are required to destabilise the fluorescent anionic
prototropic species: a) an electronegative oxygen atom must be
placed near the xanthenone core to destabilise the anionic structure,
and b) a good alkyl electron donating group must be used to increase
the electron density in this oxygen without altering the desired
molecular orbital ordering. After a theoretical screening, we
prepared 9-[1-(4-tert-butyl-2-methoxyphenyl)]-6-hydroxy-3H-
xanthen-3-one (Granada Green, GG), which is predicted to have a
higher pK, value than previously described TGs.

Experimental
Materials and solutions

For the photophysical studies, stock solutions of sodium
phosphate were prepared using NaH,PO,x H,O and Na,HPO, x
7H,0 (both Fluka, puriss. p.a.) in appropriate amounts to obtain the
required pH. For the FLIM experiments, Dulbecco’s modified
Eagle’s medium (DMEM, D-6546), o-minimum essential medium
(a-MEM), foetal bovine serum (FBS), penicillin/streptomycin,
trypsin-EDTA, and a-hemolysin from Staphylococcus aureus were
obtained from Sigma Chemical (St. Louis, MO). To obtain the
required phosphate concentration and pH in the measurement
solutions, the necessary amount of phosphate stock solution was
added to DMEM. The permeabilisation buffer contained 20 mM
potassium MOPS pH 7.0, 250 mM mannitol, 1 mM potassium ATP,
3 mM MgCl,, and 5 mM potassium glutathione. Commercially
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available phosphate-buffered saline (PBS) (Sigma-Aldrich) was also
used to wash the cells. All solutions were prepared using Milli-Q
water as the solvent. All chemicals were used as received without
further purification. The solutions were kept cool in the dark when
not in use to avoid possible deterioration by light and heat. Aliquots
of a—toxin from Staphylococcus aureus were prepared and stored in
a freezer (-20°C) until use.

Instrumentation

Absorption spectra were recorded on a Perkin-Elmer
Lambda 650 UV/vis spectrophotometer with a temperature-
controlled cell.

Steady-state fluorescence emission spectra were collected
on a JASCO FP-6500 spectrofluorometer equipped with a 450 W
Xenon lamp for excitation and with an ETC-273T temperature
controller at 20 °C. The pH of the solutions was measured just
before and after the
temperature.

fluorescence measurements at the same

Fluorescence decay traces of the compounds in the absence
and in the presence of phosphate buffer were recorded by the single-
photon timing method using a FluoTime 200 fluorometer
(PicoQuant, Inc.). The excitation was performed by an LDH-485
(PicoQuant, Inc.), and the observation was made through a
monochromator at different wavelengths. 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 36 ps. Histograms of the instrument response functions
(using LUDOX scatterer) and sample decays were recorded until
they typically reached 2 x 10* counts in the peak channel. The total
width at half maximum of the instrument response function was ~ 60
ps. Fluorescence decays were recorded at three A, (505, 515 and
525 nm) for all samples. The fluorescence decay traces were
individually analysed using an iterative deconvolution method with
exponential models using FluoFit software (PicoQuant).

Cell culture.

MC3T3-E1 preosteoblast (ECACC 99072810) cell lines
were provided by the Cell Culture Facility, University of Granada.
MC3T3-E1 cells were grown in alpha minimum essential medium
(aMEM) containing 10% foetal bovine serum and 1% penicillin—
streptomycin in a humidified 5% CO, incubator, as described
previously.? For the FLIM microscopy experiments, the cells were
seeded onto 20-mm coverslips in 12-well plates at a density of
11,250 cells/cm®. The coverslips were translated to the MicroTime
200 fluorescence lifetime microscope system (see below) and
washed with PBS before adding the work solutions.

Cell permeabilisation.

MC3T3-E1 cells were deposited onto coverslips in 12-well
plates and incubated with the described medium. On the day of the
experiment, the cells were washed twice with phosphate-buffered
saline (PBS) and were perforated by incubation for 15 min at 37°C

This journal is © The Royal Society of Chemistry 2012
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with 2 pg/ml o-toxin in permeabilisation buffer.” Afterwards, the
cells were washed twice with PBS and analysed by FLIM.

Ensemble Time-Resolved Fluorescence Instrumentation.

Fluorescence decay traces at the ensemble level were
recorded using the time-correlated single photon timing (TCSPT)
method with a FluoTime 200 fluorometer (PicoQuant, Inc.,
Germany). The excitation source consisted of an LDH-485 pulsed
laser with a minimum pulse width of 88 ps. The pulse repetition rate
was 20 MHz. The laser pulse was directed to the solution sample in
10x10 mm cuvettes. The lens-focused fluorescence emission passed
through a detection polariser set at the magic angle and a detection
monochromator prior to reaching the photomultiplier detector. The
fluorescence decay histograms were collected in 1,320 channels with
a time increment of 36 ps/channel. Histograms of the instrument

31,32

response functions (using LUDOX scatter) and sample decays were
recorded until they reached approximately 2 x 10* counts in the peak
channel.

FLIM instrumentation.

Fluorescence lifetime images were recorded with a
MicroTime 200 fluorescence lifetime microscope system (PicoQuant
GmbH) using the time-tagged time-resolved (TTTR) methodology,
which permits fluorescence decay histograms to be reconstructed
from molecules in the confocal volume for each pixel of the image.
The excitation source consisted of the same LDH 485 nm pulsed
laser described above, controlled by a "Sepia" driver (PicoQuant)
and working at a repetition rate of 20 MHz. The excitation light
beam crossed a quarter-wave plate and was directed into the
specimen after being reflected in the excitation dichroic mirror
(490dcxr, AHF/Chroma) to the oil immersion objective (1.4 NA,
100x) of an inverted confocal microscope (IX-71, Olympus). The
collected fluorescence light was filtered by a long-pass filter
HP500LP (AHF/Chroma) and focused onto a 75-um pinhole. After
the aperture, the fluorescence light crossed through an FF01-520/35
bandpass filter (Semrock) and was refocused onto an SPCM-AQR
14 single photon avalanche diode (Perkin Elmer). The data
acquisition was performed with a TimeHarp 200 TCSPT module
(PicoQuant GmbH) in TTTR mode, which enabled the
reconstruction of the FLIM image. Raw images were recorded by
raster scanning an area of 80x80 pwm with a resolution of 512x512
pixels. The photons of each pixel were temporally sorted with
respect to the excitation pulse in the histograms with a time
resolution of 116 ps/channel.

Fluorescence decay traces and FLIM image analysis.

The fluorescence decay traces at the ensemble level were
individually analysed using an iterative deconvolution method with
exponential models using FluoFit software (PicoQuant). The FLIM
images were analysed using the SymphoTime software (PicoQuant).
To obtain the FLIM images, an instrument response function (IRF)
was reconstructed from a monoexponential fluorescence decay trace
of GG in solution. This was employed to analyse the fluorescence
decay histogram in each pixel over the whole image by iterative
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deconvolution applying the maximum likelihood estimator (MLE),
which yields correct parameter sets for low count rates.** Binning of
5x5 pixels and prehistogramming of 2 temporal channels (for a final
resolution of 232 ps/channel) were used to achieve a larger number
of counts in each pixel. For the analyses of GG in biomimetic media
in the presence of different phosphate concentrations, a
monoexponential decay model was set to fit the decay traces. For the
experiments in the intracellular cytoplasm, a biexponential model
was employed with a fixed decay time of 1.5 ns to account for the
short-lived autofluorescence of the cell, whereas the second decay
time was a freely adjustable parameter. To obtain the average value
of the GG lifetime in the intracellular cytoplasm, the pixels in the
region of interest (cellular cytoplasm) were selected, and a total
fluorescence decay histogram of the region of interest was
reconstructed and fit to a biexponential function using a fixed short
decay time of 1.5 ns (lifetime arising from the interaction between
the dye and the intracellular components and cell autofluorescence)
and a freely adjustable long decay time (lifetime sensitive to
phosphate concentration). The value of the long decay time is
reported in figures 4 to 6.

Results and Discussion

We initially carried out theoretical calculations to find a
suitable candidate to increase the pKa values of TGs without altering
their photophysical properties. Within this context, we focused our
attention on a family of xanthenones, 1-6 and 2-Me-4-OMe TG.
Several of these, xanthenones 1-5, present an oxygenated function in
the C-2" of the aromatic ring located at C-9. We assumed that an
increase in the electronic density in this oxygen atom would
destabilise the anion formation. Theoretical calculations using
Density Functional Theory (DFT) showed a good correlation
between the donor capabilities of the alkyl group R** with the charge
at the oxygen (Figure 1).

,,,,,,,,,

(1,Ry =tBu, Ry = OMe, GG) ! 05115 |
2, R, = I-Prop, Rp = OMe ! 05104
3, Ry = Et, R, = OMe 0.5097
4,R; = Me, R, = OMe 0.5094
5, R; = H, R, = OMe 0.5071

6 R;=tBu,Ry=H
7 Ry = OMe, R, = Me, 2-Me-4-OMe-TG

Figure 1. Evaluated structures and calculated charge.

Although the theoretical estimation of pK, values is not a
simple task,* the proton-transfer energy can be used qualitatively to
compare structures.’ In this case, we calculated the proton-transfer
energy of selected structures 1 (GG), 5, 6, and 7 (2-Me-4-OMe
TG). Using the proton-transfer reaction of 2-Me-4-OMe TG as a
reference, we observed the highest destabilising effect in compound
1 (Figure 2).*” Moreover, the results for compounds 5 and 6
suggested that the value of AG was not only the sum of the effects of
the oxygen atom at C-2” (5) and the alkyl groups at C-4" (6). In fact,
a direct destabilising effect of the alkyl-donating group R on the
xanthenone core could be ruled out because the benzene and
xanthenone moiety are practically perpendicular.’® Taking into
account that an increase of one pK, unit corresponds to 5.7 kJ mol™!

4| J. Name., 2012, 00, 1-3

in free energy terms, a substantial increase in the pK, value of GG is
therefore expected.

Ry

‘6 2-Me-4-MeO-TG,|  0.00
RO - . GG, ! 1061
N 2 *HOT 5 | 350
6 P18

HO o o oo >~%o " Lo

Figure 2. Proton-transfer energies of compounds 1 (GG),
5, 6, 7 (2-Me-4OMe-TG).

Additionally, it is critical that the new substitution not
interfere with the photophysical properties of the dye. In this sense,
Nagano proposed in 2004 that to preserve the fluorescence of the
anion, the HOMO and LUMO levels of the xanthenone core must be
placed between the HOMO and LUMO levels of the aryl substituent
at C-9.%° Theoretical calculations showed that in compound 1, this
prerequisite was attained (Figure 3). Bearing these precedents in
mind, GG was selected as our synthetic objective.
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Figure 3. Schematic orbital diagram and isosurface plots
of LUMO+1, LUMO, HOMO and HOMO-6.

Thus, GG was prepared in excellent yield (96 %) using a
nucleophilic addition of the corresponding Grignard derivative of
aryl bromide (9) to the TBDMS-protected 3,6-dihydroxy-xanthenone
(10)*° and subsequent dehydration with aqueous hydrochloric acid
(Scheme 1). In this case, the fert-butyl group present in the final
product fulfilled a dual role. This group was required to increase the
pK, value and was also required for the regioselective placement of
the halogen in the bromide precursor 8.

NBS
—
MeCN
OMe
8

[o}

2 o L
Mg, Et,O TBDMSO/‘fit‘\OTBDMS
—_ 10
50Me
Br
9

85% OMe 2)Hcl (96 %)

MgBr

Scheme 1. Synthetic sequence for the preparation of compound 1
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Photophysics

The photophysical behaviour of GG in aqueous solutions
at near-physiological pH has been studied by absorption and by
steady-state and time-resolved emission spectroscopy.

The visible absorption spectra of aqueous solutions of GG in the pH
range between 6 and 9 were recorded. The absorption spectral
changes occurring in this pH region are dictated by the ground-state
pK, values. Since the isosbestic point was consistently around 455
nm at any phosphate concentration, we concluded that phosphate
buffer does not significantly perturb the absorption spectrum of the
aqueous GG solutions, and therefore, this compound does not form
ground-state complexes with phosphate buffer. Figure 4 shows two
prototropic forms and only one isosbestic point. Thus, a single
ground-state pK, is present in this pH range. The similarity of the
spectral profiles of the two prototropic forms with those of the
Tokyo Green family?' suggests that the two visible absorbing forms
correspond to the neutral and the anionic form.

Absorption

A/ nm

Figure 4. Absorption spectra of GG (at 7x10°® M) in phosphate
buffer (0.005 M) at pH values between 6 and 8. The arrow indicates
decreasing pH values. The isosbestic point at 456 nm is clearly
observed. For clarity, the Figure 4 only contains spectra from six

solutions.

To recover the pK,* and the molar absorption coefficients
€; (Aaps) Of the two acid-base species, a global fit of the absorbance
vs. pH and vs. Ay~ to the corresponding acid-base equilibrium
equations was carried out (Figure S1). We obtained a pK,* value of
7.39 £ 0.07. The anionic form showed a peak at 495 nm with a value
of Eanion(495) =60480 + 880.

At a constant excitation intensity, low absorbance values,
and negligible rates of proton transfer in the excited state,***! it is
possible to determine the ground state acid-base equilibrium constant
by fluorimetric titration. Therefore, steady-state fluorescence spectra
were collected at an excitation wavelength of 490 nm from solutions
in a pH range between 6 and 9.. Figure 5 shows the variations in
fluorescence intensity with pH. These changes were in good
agreement with the changes observed in the absorption spectra. A
pK, value of 7.26 + 0.019 was obtained from the fit of the
fluorescence experimental results. (Figue S2)

This journal is © The Royal Society of Chemistry 2012
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Figure 5. Steady-state emission spectra (Ao = 490 nm), of 7x10° M

GG aqueous solutions at pH values between 6 and 9.

Quantum yield values from steady-state fluorescence
measurements were calculated for the anion forms using fluorescein
in 0.1 M NaOH as a reference (¢g,, = 0.95). The quantum yield of
the neutral form was obtained by fitting the steady-state fluorescence
spectra to the equilibrium equation (see SI for details) once the
values of ¢, were known  The recovered quantum yields were 0.97
and 0.10 for the anion and the neutral form, respectively.

The fluorescence decay traces in the absence of phosphate
buffer were recorded in the pH range between 6 and 9 at one A, =
485 nm and three A, (505, 515, and 525 nm). At all pH values, the
decays followed a monoexponential decay function with a lifetime
value of 3.97 ns, which was independent of pH. This result can be
explained by the small contribution of the neutral form to
fluorescence due to the low extinction coefficient at the excitation
wavelength (485 nm) and its low fluorescence quantum yield.

Once the major spectral characteristics of GG near the physiological
pH were recovered, we focused on the ESPT reaction between the
dye and phosphate. We studied the absorption and emission spectra
as a function of the phosphate buffer concentration at pH 7.35. We
found that an increase in the phosphate buffer concentration in the
range of 5 mM to 600 mM showed pronounced effects on the
emission spectra but only weak effects (ionic strength) on the
absorption spectra. The pronounced effects on the emission spectrum
must therefore be due to the presence of the well-known ESPT
reaction.'”” Thus, we studied the effect of the phosphate
concentration by means of time-resolved fluorescence. The
fluorescence decay traces should be influenced by the presence of
ESPT reactions, causing the decay times to be dependent on the pH
and on the phosphate concentration.'>** We recorded fluorescence
decay traces from aqueous solutions of GG at pH 7.35 and at
different phosphate buffer concentrations, C®, ranging between 5
mM and 600 mM, as a function of A, (485 nm) and A, (505, 515,
and 525 nm). Figure 6 shows the recovered decay times at pH = 7.35
vs. phosphate concentration. The standard errors are obtained from
the diagonal elements of the covariance matrix available from the
global analysis fit of decay traces recorded at the three different
emission wavelengths. and are between 0.020 and 0.032 ns. The
decays were well analyzed by monoexponential functions, given
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good fitting parameters (ng < 1.06).From this plot, we observed that
the change in the decay times was 0.1 ns higher than that previously
obtained with 2-Me-4-OMe TG in the same phosphate buffer
concentration range.21

4.0+
3.9 %

3.8

3.7 %

3.6+

lifetime / ns
—0—

i

T T T T T T
0 100 200 300 400 500 600

3.5

Total phosphate / mM

Figure 6. Recovered decay times at pH = 7.35 vs. [Phosphate].

Biomimetic media

FLIM technology is particularly attractive for intracellular
sensing because of the advantages of time-resolved fluorescence
techniques. Sensors based on emission intensity have several
disadvantages for quantitative measurement because they are prone
to concentration dependence, interference from cell
autofluorescence, and several sources of optical excitation power
drift. In contrast to intensity measurements, decay times are
independent of the local concentration of the probe and are
inherently robust in the presence of absorption and scattering,
although they are still highly sensitive to changes in the
environment.

If GG is intended to be employed as an intra-cellular
sensor, the highly crowded intracellular environment could alter its
response. Therefore, we tested the capability of the dye to estimate
the concentration of phosphate in solutions mimicking the
cytoplasm. Thus, GG was dissolved in solutions of Dulbecco’s
Modified Eagle’s Medium at pH 7.35 in the presence of different
phosphate concentrations in the 10 to 400 mM range. The dye was at
a concentration of 1x1077 M. The solutions were deposited on the
surface of a microscope glass slide, and FLIM confocal images were
recorded following the procedure described in the Experimental
section. In Figure 7A, exemplary FLIM images from the samples are
shown after applying an arbitrary colour scale to the recovered
fluorescence decay times. The recovered images illustrate that the
phosphate-response of the dye was maintained even in these
crowded solutions. Considering the complexity of the matrix, the
results are very acceptable, as the differences in the phosphate
concentrations in the media were clearly observable. The average
values of the fluorophore decay times (Figure 7B) were in good
agreement with those obtained by conventional time-resolved
fluorimetry in aqueous solutions (shown in Figure 6). The standard
error calculated for the decay time of GG on the glass surface was
consistently low, even though the decay time distributions were

6 | J. Name., 2012, 00, 1-3

calculated from several FLIM images, which indicates the
robustness of the technique. The overall frequency histograms of the
decay times obtained from individual pixels of several images (at
least three) collected under the same conditions clearly showed a
shift in the decay time of the dye, allowing the phosphate response
of the dye to be determined (Figure 7C).

A
[Phosphate]

m

-
]

10mM

Average lifetime /ns
w
a

o

a0 200 a0 eno
Total Phosphate /mM
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Cc o [Phosphate] = 10mM

01
0.0

0z somM
0.1

00

gz 110mM
041

00

02

01 160mM
00 L—I.ll“l-——ﬁ

Frequency

Average lifetime

4.0 ns 0.2
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Figure 7. FLIM images (A), average decay time (B), and frequency
lifetime histograms (C) of 1x10”7 M GG in Dulbecco’s Modified
Medium in 50 mM TRIS buffer at pH 7.35 and with varying
phosphate concentrations in the range from 10 to 400 mM.

Notably, not only was the response range of GG wider, its
sensitivity was also slightly higher compared with 2-Me-4-OMe
TG. Indeed, the response range of GG extended to 400 mM,
whereas 2-Me-4-OMe TG was only effective at phosphate
concentrations of up to 240 mM. In terms of sensitivity, the
maximum change in the fluorescence decay time within the response
range was ~ 0.4 ns versus the 0.25 ns change shown by TG. Even in
the concentration range studied with 2-Me-4-OMe TG, the decrease
in the GG decay time was 15% higher.

Fluorescence imaging microscopy of GG in preosteoblast cells

The results obtained on glass slides suggest that this dye may have
advantages over 2-Me-4-OMe TG as an intracellular probe for
phosphate using FLIM technology. First, we tested whether GG
satisfies the additional requirements of water solubility and
membrane permeability by performing experiments on live cells and
obtaining images from the dye in the cell. Based on the fluorescence
intensity upon excitation at 485 nm of the cells during dye loading, it
was concluded that the dye accumulates efficiently inside the cytosol
but is excluded from the cell nucleus. To gain more insight into the
temporal behaviour of the GG fluorescence emission in the

This journal is © The Royal Society of Chemistry 2012
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intracellular medium and the effect of different concentrations of
phosphate ions, we used MC3T3-E1 preosteoblast cells treated with
a—toxin and various concentrations of pH 7.35 phosphate buffer.

The MC3T3-E1 murine preosteoblast cell line is a well-established
model for osteoblast differentiation. The ability of osteoblasts to
transport extracellular phosphate into the cell through a transporter
has been established.’

Treatment with a—toxin generated 1.5-nm membrane pores, which
permitted the diffusion of low molecular weight compounds,
including both GG and phosphate anions, without the loss of
cytosolic proteins and high molecular weight compounds.** FLIM
images were recorded and analysed using the procedure described in
the Experimental section. Figure 8 shows the FLIM images revealing
changes in the decay time of the dye inside the MC3T3-E1
osteoblast cells treated with a—toxin versus the spiked phosphate
concentration ranging from 10 to 240 mM after applying an arbitrary
colour scale. Although the range of decay times is narrow, the use of
an appropriate colour scale permits a reasonably accurate estimate of
the different phosphate concentrations inside the permeabilised cells.

[Phosphate]

25 mM 50 mM

Autofluorescence

Average lifetime
4.5 ns

3.3ns

Figure 8. FLIM images of 1x10” GG dye in the cytoplasm of
MC3T3-El osteoblast cells treated with a—toxin after incubation in
extracellular media with different phosphate concentrations. The
image labelled as autofluorescence corresponds to the FLIM image
of the cells collected without the dye.

Conclusions

In summary, we designed and synthesised a new dye that has
chemical reactivity and spectral characteristics similar to those of 2-
Me-4-OMe TG but shows a higher pKa for the neutral and anion
equilibrium. The new dye, referred to as GG, undergoes the same
phosphate-mediated reaction in the excited state as does fluorescein

This journal is © The Royal Society of Chemistry 2012

Organic & Biomolecular Chemistry

and its derivatives, giving rise to fluorescence decay traces that are
dependent on the phosphate concentration in the medium. The
advantages of GG with respect to 2-Me-4-OMe TG, a previously
tested intracellular phosphate sensor, are its ability to detect a wider
range of phosphate concentrations along with an additional slight
increase in sensitivity, measured as the ratio of the phosphate
concentration/decay time. To prove the usefulness of GG as a
phosphate sensor in the cellular cytoplasm, MC3T3-E1 preosteoblast
cells permeabilised with o—toxin and submerged in PBS solutions at
different phosphate concentrations at pH 7.35 were used. The FLIM
images recovered show that GG adequately reflects the intracellular
phosphate concentration.
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