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ARTICLE INFO ABSTRACT

Keywords: A new dansyl-based fluorescent probe containing the dimethylcyclen macrocycle scaffold (1,7-dimethyl-4,10-bis
Polyazamacrocycle (dansyl)-1,4,7,10-tetraazacyclododecane, AJ2DAN) has been synthesized and fully characterized; it was
Dansyl designed based on a previous similar molecule (AJ2NBD), featuring two NBD (4-amino-7-nitrobenzo[1,2,5]
gi;)prre(iznce oxadiazole) fluorophores in place of dansyl groups. Absorption and fluorescence emission spectra of AJ2DAN
Endo-lysosomes were recorded in both aqueous solution and organic solvents, always showing large Stokes shifts. In acidic so-
Autophagy lution the compound is very weakly fluorescent, while the emission increased by moving towards neutral pH.
Chloroquine Moreover, a very high emission was detected in 1,4-dioxane, a solvent able to mimic the cell membrane polarity.

The chemical response is reflected by the intracellular behaviour: by coupling AJ2DAN and LTDR labelling, it is
possible to observe the lack of colocalization of “green” AJ2DANP*Ie yesicles with LTDRP*!1"® lysosomes,
attesting a specificity for vesicular structures with mild acidic environment, such as autophagosomes and
amphisomes. The autophagy inhibitor Chloroquine (CQ) has been used to prevent the fusion of autophagosomes
with lysosomes and their consequent lysosomal degradation, thereby increasing the accumulation of autopha-
gosomes: this drug enabled to set-up the protocol used in the present study. The new AJ2DAN molecule shows a
high and pH-dependent quantum yield thus it lies in the field of fluorescent probes. Here, it has been demon-
strated its possible use in the biological environment not only for cell imaging but also as pH-probe inside the
biological compartments.

1. Introduction biomolecules [14], monitor physiological processes [15], and proved

successful in drug sensing [2,16], immunofluorescence staining, live-cell

Fluorescent probes have emerged as crucial tools in many research
fields, ranging from fundamental research, to analytical and environ-
mental analyses to biology and medicine [1-5]. Indeed, the employment
of optical chemosensors offers advantages on instrumental methods and
rests on high sensitivity and selectivity, simplicity, reliability, velocity
and possibility to operate in real time conditions [6,7]. Many fluorescent
probes have been studied for their ability to modulate their optical
emission properties in the presence of target analytes or due to the
different environment, as for example the polarity of the solvent [8-13].
More in particular, fluorescent chemosensors have been developed to
detect intracellular species, such as metal cations, anions and other
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imaging, drug delivery and fluorescence-guided surgery [17-23].

It must be considered that in most biological events the pH value
plays a key role and requires a precise control, on pain of causing certain
diseases [24,25]. Fluorescent probes represent a good strategy also for
this task, in that they may monitor the pH value through the variation of
the intensity or wavelength of the emission along with pH change
[26,27]. Indeed, dansyl-based compounds have been widely studied as
pH probes, due to the strong dependence of their fluorescence emission
on the local environment [28-33].

Moreover, many dansyl-based molecules can bind and detect specific
metal ions [34-37], and the metal complexes exhibited peculiar abilities
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in the biological environment, such as production of DNA conforma-
tional switch [38], detection of base flipping of DNA [39], detection of
hydrogen sulfide in hypoxia [40].

In this context, our research group has synthesized a new dansyl-
based fluorescent probe built on the dimethylcyclen macrocycle scaf-
fold (1,7-dimethyl-4,10-bis(dansyl)-1,4,7,10-tetraazacyclododecane,
AJ2DAN, Fig. 1), to exploit the pH- and polarity-dependent emission of
the fluorophore. The compound was designed based on a previous
similar molecule (AJ2NBD), featuring two NBD (4-amino-7-nitrobenzo
[1,2,5]oxadiazole) fluorophores in place of dansyl groups on the same
polyazamacrocycle framework, that proved successful as a probe for
vesicular trafficking [41,42].

The study of cellular organelles is indeed crucial to understand the
mechanisms behind many biological processes. The employment of
fluorescent probes is a convenient strategy also to this purpose, offering
advantages over other techniques (electron microscope, high perfor-
mance liquid chromatography, electrochemical methods), such as user
friendly and fast analyses. Furthermore, fluorescent probes can be
employed for real analytical single-cell analysis, demonstrating the
power of flow cytometry. In particular, due to the acid-base properties of
AJ2DAN, it has been tested as a pH-probe possibly useful to track spe-
cific vesicular processes involving acidic compartments.

Herein, we report the synthesis of the new AJ2DAN probe and the
characterization of its acid-base properties in aqueous solution, as well
as the robustness of the pH probe, via UV-Vis, fluorescence and NMR
spectroscopic measurements. Besides the study of the fluorescence
behaviour in aqueous solution as a function of pH, it was also investi-
gated as a function of solvent polarity and in the presence of several
metal ions. Moreover, structural features of the different protonated
species of AJ2DAN present in water and 1,4-dioxane were studied by
DFT calculations [43]. Finally, flow cytometry and confocal microscopy
were used to study the possible employment of AJ2DAN as a dye for
compartments involved in the endosomal/autophagic pathway and ve-
sicular trafficking.

2. Experimental
2.1. Instruments and materials

All chemicals were purchased in the highest quality commercially
available. The solvents were RP grade, unless otherwise indicated, and
used without further purification. All reactions involving moisture-
sensitive reagents were carried out under a nitrogen atmosphere using
standard vacuum line techniques and glassware that was flame-dried
before use.

The High-Resolution Mass Spectra were performed with an Orbitrap
Exploris 240 Mass Spectrometer (Thermo Fisher Scientific, Milan, Italy)
by direct infusion at 5 pL per minute and resolution set to 180 K FWHM.
AGC target was set to standard mode and Max Injection time was set to
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100 ms.
Picture depicted in Fig. 2d was taken with the digital camera of a
common smartphone.

2.2. UV-Vis and fluorescence emission experiments

The spectrophotometric measurements were carried out at 298.1 K
using a Varian Cary-100 spectrophotometer equipped with a tempera-
ture control unit. Uncorrected emission spectra were obtained with a
Varian Cary Eclipse fluorescence spectrophotometer. Luminescence
quantum yields were determined using quinine sulphate in a 0.5 mol
dm™3 H,S04 aqueous solution (® = 0.546) as reference. In all cases, to
ensure the complete solubilization of AJ2DAN, the compound was first
dissolved in dimethyl sulfoxide (DMSO, 1.0-102 mol dm3) then the
solution was diluted with water or organic solvents (DMSO, acetonitrile,
ethanol, 1,4-dioxane, 1.0-10~° mol dm3). In all cases, a I = 1.0.107°
mol dm~3 NaCl (in water) or NMe4Cl (in organic solvents) was used.

UV-Vis and fluorescence emission pH titrations and the reversibility
measurement were performed by adding 0.1 mol dm~3 NaOH or HCl
solutions to adjust the pH.

Screenings with alkaline, alkaline-earth, transition and rare earth
metal ions were carried out by adding 1 equiv. of M as their chloride
or perchlorate salts to solutions of AJ2DAN (1.0v10_5 mol dm_3) in
water (pH 2 and 7, M™ = LiT, Na*, K*, Cs*, Mg?*, Ca?", sr?*, Ba?*,
zn?t, cd®t, Hg?t, Pd?t, Pt?t, cu??, Co?", La®t, Nd®, Gd®") and 1,4-
dioxane (M™" = Li*, Na®, Mg?*, ca®*, Zn?*, cd?*, cu®', Pd?*, La3*,
Gd*H.

2.3. NMR experiments

NMR spectra were recorded on a Bruker Avance Neo 600 spec-
trometer operating at 600.13 and 150.90 MHz for 'H and 3C, respec-
tively, equipped with a BBFO Z-gradient SmartProbe (iProbe) and a
variable temperature unit. The temperature of the NMR probe was
calibrated using 1,2-ethandiol as calibration sample. Chemical shifts (§
scale) are reported in parts per million (ppm values) and are referenced
to the residual solvent peak; coupling constants (J values) are given in
hertz (Hz). '"H—'H and "H—'3C correlation experiments, performed to
assign the signals (COSY, NOESY and HSQC), were conducted using
standard Bruker pulse sequences. The 2D-NOESY experiments were
conducted using a mixing time (d8) of 0.30 s.

The pH-metric NMR titration was carried out in D;O-DMSO-dg 2: 1
solvent at 318.0 K; the pH was adjusted by adding small amounts of KOD
or DCl and measured directly into the NMR tube with a micro-electrode
(pH = pD — 0.4). The tube was kept for 10 min at a temperature of 318.0
K before starting the acquisition of the spectrum.

The following abbreviations were adopted in reporting NMR data:
singlet (s), doublet (d), triplet (t), quartet (q), quintet (quint), broad
signal (bs), doublet of doublets (dd), doublet of doublet of doublets
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Fig. 1. The compound AJ2DAN studied in the present paper along with 'H NMR labels and the previously studied compound AJ2NBD.
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Fig. 2. a) Absorption and b) normalized fluorescence emission spectra of AJ2DAN in aqueous solution as a function of pH; c) trend of absorption at 332 nm (black
squares) and of emission at 525 nm (red dots) as a function of pH; d) picture of aqueous solutions of AJ2DAN at different pH values under a 360 UV lamp. [AJ2DAN]
=3.10"°> mol dm 2 (for absorption) or 1-107° mol dm 2 (for emission) in H50 + 1 % DMSO, Aex = 309 nm, [ = 1.0-102 mol dm 2 NaCl. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(ddd), doublet of triplets (dt), doublet of quartets (dq), triplet of dou-
blets (td), triplet of triplets (tt), quartet of triplets (qt) or multiplet (m).

Different operating concentrations suitable for NMR (5-10~% mol
dm ) and fluorescence (1-10~> mol dm—3) measurements were used, to
cover the different sensibility of these techniques.

2.4. Synthesis

Compound 1 was prepared according to a previously reported pro-
cedure [44].

2.4.1. 1,7-dimethyl-4,10-bis(dansyl)-1,4,7,10-tetraazacyclododecane
(AJ2DAN)

A solution of dansyl chloride (2, 500 mg, 1.85 mmol) in toluene (25
mL) was slowly added to a solution of 1 (185.3 mg, 0.93 mmol) and TEA
(3.72 mmol, 518 pL) in toluene (25 mL), then the mixture was stirred at
RT overnight. The TLC (silica gel, CHCl3) confirmed the disappearance
of the reactant 2, then the mixture was filtered and the solvent was
removed under vacuum, along with the excess of TEA. The solid residue
was recrystallized from CHCly, the yellow crystalline solid was filtered
and dried (Y = 93 %).

'H NMR (DMSO-dg, 25 °C, ppm): § = 8.58 (2H, d, J = 8.6 Hz), 8.36
(2H, d, J = 8.7 Hz), 8.08 (2H, d, J = 7.3 Hz), 7.69 (4H, m), 7.31 (2H, d, J
= 7.5 Hz), 3.63 (8H, br s), 3.13 (8H, br s), 2.86 (12H, s), 2.74 (6H, s)
(Fig. S1).

13¢ NMR (DMSO-dg, 25 °C, ppm): § = 152.1, 133.3, 130.8, 130.2,
130.0, 129.1, 128.8, 124.2, 119.1, 116.0, 58.9, 46.9, 45.5, 40.7

(Fig. S2).

HRMS (in ACN): (positive mode, m/z) calculated 666.30, found
667.3086 for [M + H] ™", 334.1581 for [M + 2H]?>" and 223.1078 for [M
+ 3H]%" (Fig. S3).

2.5. Computational details

All the DFT geometry optimizations of the conformers were per-
formed at the GGA BP86 [45-47] level with the Gaussian16 package
[48]. The electronic configuration of the systems and the reported free
energies were described with the SVP [49] basis set for H, C, N, O, S, Li
and Mg while for Zn and Cd the quasi relativistic sdd ECP [50] effective
core potential was adopted, with the GD3BJ empirical dispersion [51].
All geometry optimizations were characterized as minimum through
frequency calculations and were performed without symmetry con-
straints. Solvent effects were estimated with the PCM model using water
and 1,4-dioxane as solvents [50]. To obtain the Gibbs energies thermal
corrections were included from the gas-phase frequency calculations at
the gas-phase level of theory (BP86/SVP/sdd ECP).

2.6. Invitro acute exposure of HT-29 and Caco-2 cells

HT-29 cell line is a human colorectal adenocarcinoma cell line and
was cultured in RPMI 1640 Medium (Sigma- Aldrich, St Louis, MO, USA)
supplemented with 10 % Heat-Inactivated Foetal Bovine Serum (FBS;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1 % 1L-
glutamine (Sigma-Aldrich, St Louis, MO, USA), and 1 % penicillin/
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streptomycin (Sigma-Aldrich, St Louis, MO, USA) at 37 °C in humidified
air with 5 % CO,. Caco-2 cells were maintained in DMEM/F12 con-
taining 10 % heat-inactivated foetal bovine serum (FBS), 2 mM gluta-
mine, and 1 % antibiotics. Regarding experimental assays, HT-29 cells
were seeded in 6-well plates at a density of 1.5-10° cells per well and
exposed to different concentrations (50 pM and 5 pM) of chloroquine
diphosphate (CQ 30 mM Invitrogen, Catalog n. L10382) and incubated
for 4 h and 24 h. For the control, the cells were incubated with a medium
only.

2.7. Flow cytometric (FC) analyses

Cytometric experiments were conducted using a FACSCanto II flow
cytometer (BD Biosciences) equipped with an argon laser (488 nm, blue
excitation), a helium-neon laser (633 nm, red excitation), and a solid-
state diode laser (405 nm, violet excitation). Data acquisition and
analysis were performed using FACSDiva™ software (BD Biosciences).
At least 10,000 cellular events were acquired for each sample.

The new fluorescent probe for detecting vesicular trafficking
AJ2DAN was used at the same concentration as the AJ2NBD dye [41]
showing excellent results at this concentration. AJ2DAN was dissolved
in DMSO at a concentration of 15 mM. Cells were incubated with 500
nM (final concentration) of AJ2DAN for 20 min at RT. To detect the
vesicular trafficking in both HT-29 and Caco-2 cells, the cells were
stained at t0 and analyzed at tO0 and 36 h after the maintaining at low
temperature (+4 °C).

Propidium Iodide (PI; Sigma-Aldrich, St Louis, MO, USA) staining
assessed cell death. The cells were incubated for 10 min in the dark with
PI 1 mg/mL. LysoTracker Deep Red (LTDR) dye (Thermo Fisher Scien-
tific, USA) was used to mark and trace the lysosomes. LTDR 100 nM was
used to mark the lysosomes, and after 30 min of incubation, the red
lysosomal fluorescence was detected by flow cytometry [52]. To study
the autophagic-like vacuole, the cells were incubated with 50 pM
monodansylcadaverine MDC (Sigma-Aldrich, St Louis, MO, USA).
Autophagy was assessed using the Autophagy Detection kit (ab139484;
Abcam, Cambridge, UK) following the manufacturer’s instructions
[53,54]. The mean fluorescence (MFI) of the kit is a useful indicator of
autophagic activity within a cell population. Following treatment, cells
were incubated with 300 pL of the diluted green stain solution for 30
min at 37 °C in the dark for subsequent flow cytometry analysis.

2.8. Confocal microscopy (CM)

To evaluate the behaviour of the probe, the cells were grown on
MatTek glass bottom chambers (MatTek Corporation) and stained with
AJ2DAN (used at the same concentration of cytometric experiments).
Images were taken with the 60x objective of the BC43 (Oxford In-
struments Andor, United Kingdom). To evaluate the localization of
AJ2DAN, we used co-labelling with LTDR in HT-29 CQ treated cells,
which were observed by Nikon AXR confocal laser scanning microscopy
with excitation light at 405 nm. The images were subjected to further
processing and analysis using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.9. Statistical analyses

Data are shown as mean (or percentage, as indicated) + standard
deviation (SD) of at least two or three independent experiments. The
means of the two groups were compared by using an unpaired t-test or
one-way Analysis of Variance (ANOVA), followed by a post-hoc Bon-
ferroni test. The p-values less than 0.05 were considered statistically
significant. All statistical analyses were performed using GraphPad
Prism 9.0.0 (GraphPad software, San Diego, CA, USA).
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3. Results and discussion
3.1. Synthesis

Compound 1 (1,7-dimethyl-1,4,7,10-tetraazacyclododecane, dime-
thylcyclen) was obtained by following a previously reported procedure
[44]. AJ2DAN was synthesized by treating 1 overnight with dansyl
chloride (2) in the presence of TEA in toluene solution (Scheme 1). After
removal of the solvent, the dry crude was recrystallized from CH2Cl, to
obtain AJ2DAN as a yellow crystalline solid in very good yield.

3.2. Acid-base properties in aqueous solution

The new AJ2DAN molecule is based on the versatile 1,4,7,10-tetraa-
zacyclododecane macrocycle (cyclen), which is trans di-substituted with
two methyl groups and functionalized with two dansyl fluorophore
moieties. The compound is an analogue of our previously synthesized
fluorescent probe AJ2NBD, containing two NBD fluorophores in place of
the dansyl groups [41]. AJ2DAN contains two sulfonamides groups as
well as two aliphatic and two aromatic amine functions, therefore pos-
sesses acid-base properties and different protonation forms can exist
depending on the pH value. This feature, possibly coupled with a fluo-
rescence emission that changes upon pH variation, is worthy of a thor-
ough investigation, since the ability to act as a pH probe is a useful
property both for environmental as well as biological applications. For
this reason, the acid-base properties of AJ2DAN were investigated in
aqueous solution by UV-Vis absorption, fluorescence and 'H NMR
spectroscopies in the pH range 2-8. Studies at higher pH values were
prevented by the scarce solubility of the compound at the operating
concentration.

The absorption spectra of AJ2DAN show the typical bands of the
dansyl moiety (Fig. 2a). At acidic pH (pH = 2.2) a band with Ay,x at 288
nm (e = 13,150 cm ! mol~! dm?) was visible, relative to the protonated
dansyl -N(CHs)5 group (red thick band in Fig. 2a). As long as the pH was
raised, such band decreased and two new bands with A,y at 332 nm (e
= 7,050 em ! mol™! dm®) and 247 nm (e = 24,800 cm ! mol~! dm®)
grew, suggesting the deprotonation of the dansyl dimethylamino group
(black thick band in Fig. 2a). The protonated/deprotonated forms
convert directly from one another, as indicated by the formation of two
clear isosbestic points at 269 and 309 nm. By analysing the trend of the
absorption at A = 332 nm, it significantly changed between pH 2 and 5,
reaching the maximum absorption at pH 5.4, then it remained un-
changed (see black squares in Fig. 2c).

pH-dependent fluorescence emission spectra of AJ2DAN were
recorded by exciting at both isosbestic points (Fig.s 2b and S4). In acidic
solution the compound is very weakly fluorescent, while the emission
increased by moving towards neutral pH. The quantum yield of fluo-
rescence at pH 7.4 is @ = 0.07, which is not so different from that of the
dansyl acid (&g = 0.088 at 1-107° mol dm~3 [55]), suggesting that the
emission of the dansyl group in AJ2DAN is not significantly quenched by
a possible electron transfer from the amine functions of the macrocycle,
contrarily to what observed for a mono-dansylated cyclen compound,
that showed a ®g = 0.0035 at pH 7.4 and 1-107° mol dm ™3 [55]. This
behaviour might be rationalized in terms of the presence in solution of a

o |
ci-$ Q Q N—CH,
(o} ' CHs Oy
/N N‘CH 085S
i W, ) : He [ W0
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—_— -
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HyC—N O AJ2DAN
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Scheme 1. Synthesis of the probe AJ2DAN.
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monoprotonated macrocycle, where the two aliphatic amine functions
share the proton via a hydrogen bond, and no nitrogen lone pairs are
available for electron transfer (vide infra).

The observed fluorescence enhancement is ascribable to the depro-
tonation of the dansyl dimethylamino group (see Fig. 2¢), that favours
the charge transfer (CT) from the amine donor group to the sulfonamide
acceptor group of the dansyl fluorophore. The PCT mechanism seems to
be the only one at work in AJ2DAN: a Photoinduced Electron Transfer
(PET) effect from the macrocycle nitrogen lone pairs to the excited state
of the fluorophore can be indeed excluded, due to the observed increase
of the fluorescence emission moving towards more alkaline pH values. A
PET effect was instead observed for the NBD-analogue, whose fluores-
cence emission decreased along with the increase of pH [41].

When exciting at Aex = 269 nm, the spectrum obtained at pH 2.2
showed two bands (see Fig. S4, black thick line), which are ascribable to
the dansyl -N(CH3), group in its protonated (band centred at 335 nm)
and neutral (band centred at 554 nm) forms. The pH increase produced a
drop of the intensity of the band at higher energy till its disappearance at
pH > 5 (see inset of Fig. S4, black squares). On the contrary, the intensity
of the band with Apax at 554 nm increased by raising the pH, reaching a
maximum around pH 7 (see Fig. S4, red thick line). The intensity stayed
constant from now on (see inset in Fig. S4, red dots).

The excitation at the second isosbestic point (Aex = 309 nm) returned
an analogous result in terms of emission enhancement along with pH
increase up to neutral values. In this case, a blue-shift of the emission
wavelength along with pH increase is also observed, with the band
moving from 584 nm at pH 2.2 to 525 nm at pH 7.0 (see black and red
thick lines in Fig. 2b). The wavelength change is clearly visible with the
naked eye by observing aqueous solutions of AJ2DAN at pH around 2, 5
and 7 under a 360 nm UV lamp (Fig. 2d). The most acidic solution did
not show any emission, while those at pH 5 and 7 exhibited yellow-
orange and yellow emissions, respectively.

The acid-base properties of AJ2DAN were also studied by performing
a '"H NMR pH titration in mixed water-DMSO (2:1 v/v) solution between
pH 2.2 and pH 7.4 (Fig. 3), due to the low solubility in pure water at such
concentrations. More alkaline pH values could not be explored due to
the scarce solubility of AJ2DAN also in this condition. By analysing the
spectra at growing pH values, it can be clearly observed that some res-
onances are much more affected than others by the change of the pH. As
far as the aliphatic resonances are concerned, the signal of the -N(CHgs),
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methyl groups of the dansyl moiety (H1) significantly upfield shifted,
moving from pH 2.2 to pH 7.4. The resonances attributed to the -CH,
groups of the macrocycle also shifted upfield, even if to a lesser extent
compared to the previous one. As for the aromatic resonances, mainly
two of them shifted upfield (H7 and H2), the remaining signals shifted
also upfield, even if to a lesser extent (Fig. S5). This behaviour may be
rationalized in terms of the deprotonation of both the macrocycle and
dansyl amine functions with the consequent increased electronic den-
sity. Moreover, the shifts are marked up to pH 4.5, while the spectrum
recorded at higher pH (7.4) showed very similar chemical shifts to the
previous ones for all peaks. This agrees well with the pK, values of the
involved groups (pK, -N(CHs), dansyl group ~ 4 [28,56,571; pKa1 and
pKa2 of macrocycle amine functions in AJ2NBD (4.2 and 9.7 [41]) and a
similar mono-dansylated compound (3.5 and 9.7 [55]).

By merging the absorption, emission and NMR data, it can be hy-
pothesized that at acidic pH values (=~ 2) AJ2DAN is present as both
protonated H4,L*" and H3L3* species, while at pH values ~ 5 AJ2DAN
lost both a macrocycle proton as well as the dansyl amine protons to
form the HL" species . Above pH 5 it can be thus suggested that the
compound features only one proton in the macrocycle cage (HL™ form),
that is probably shared between the two aliphatic amine functions via a
hydrogen bond (Fig. S6). The neutral species of AJ2DAN, that could in
principle be obtained by removing the remaining macrocycle proton,
cannot form in the present experimental conditions, since a pH as high
as ~ 10 is required. It can be quite safely claimed that, due to the basicity
of the compound, the probe is present in aqueous solution at physio-
logical pH as monoprotonated HL™ form.

3.3. Evaluation of the robustness of the probe in aqueous solution

In view of a possible practical application as a fluorescent pH probe,
it is crucial to evaluate the robustness of the probe, in terms of stability
in solution, reversibility of emission with pH and interference from other
ions in solution.

The stability of AJ2DAN was investigated in aqueous solution at pH
7.4 by both UV-Vis and 'H NMR spectroscopies. Measurements showed
a high stability of the compound, up to at least two weeks (Fig. S7). In
the case of UV-Vis experiments, a buffer HEPES solution was used, while
for NMR measurements AJ2DAN was dissolved in a D2O: DMSO-dg 2: 1
mixture to overcome solubility issues at the higher concentration used
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Fig. 3. 'H NMR spectra of AJ2DAN in D,0: DMSO-de 2: 1 at 318 K as a function of pH. [AJ2DAN] = 5-10~° mol dm 2,
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for this analysis. The pH of the solution was checked during the whole
period of the analysis.

The reversibility of the fluorescence emission of the system with pH
was validated via modulation of pH values of a solution of AJ2DAN
repeatedly between 2 and 7, and then recording the fluorescence in-
tensity changes (Fig. 4). The intensity significantly decreased at pH 2,
but the emission is recovered at pH 7, suggesting a good reversible
response to pH change. Moreover, the reversible cycle can be repeated
several times (up to at least 5 times) with negligible intensity change.

To assess whether common metal ions could interfere with the pH
sensitivity of the probe, which would prevent a practical use in solution,
several cations have been examined through fluorescence emission
measurements. Alkali, alkaline-hearth, transition and rare earth metal
ions have been tested to this purpose, and none of them displayed sig-
nificant interference with fluorescence emission intensity and wave-
length (Fig. 5). This behaviour highlights the scarce coordination
properties of AJ2DAN towards such metal ions in aqueous solution at the
pH values investigated. This is probably due both to the presence of an
acidic proton within the macrocyclic ring, that is in competition with the
binding of the metal ion by the two amine functions, and the unfav-
ourable position of these latter to metal coordination. The similar
compound mono-dansyl cyclen can instead bind the Zn?* and Cu®*
cations, by virtue of the three amine functions of the macrocycle
[38-40,55]. Given the stability, reversibility and insensitivity to other
cations, AJ2DAN can be considered a promising probe for pH change
detection in aqueous solutions.

3.4. DFT calculations in water

In order to gain insight into the structural features of the protonated
forms of the AJ2DAN compound, a theoretical study at the DFT level
[43] was undertaken, by adopting the BP86/SVP level of theory for the
optimizations in the gas phase, and the B3LYP/TZVP level of theory in
water as solvent, using a PCM model. Different conformations (open,
closed, partially open) have been chosen and optimized for each pro-
tonation form (see Fig.s S6 and S8). An analysis of the optimized ge-
ometries shows for the H4L** species a convergence always towards an
open structure, irrespective of the starting geometry. In the case of the
H3L3" species, besides the preferred open structure, a partially open
conformation has been observed . The preference for the open structure
shown by the highest charged species H,L** and HsL3*, with both
dansyl side arms located on the same side with respect to the dimethyl-
cyclen macrocycle and lying almost parallel to it, agrees with the dansyl

'S
o
1

pH7

w
[&]
1 1 n
|}
u
|

w
o
1

"

Max Intensity (a.u.)
3 &
1 1

10 T T T T T T T T T
0 1 2 3 4 5

pH 2

number of cycle

Fig. 4. Reversible changes of fluorescence intensity at 584 nm (pH 2) and 525
nm (pH 7) of AJ2DAN in H,0 + 1 % DMSO solution. [AJ2DAN] = 1-10° mol
dm™3, A¢x = 309 nm, I = 1.0-10~° mol dm~3 NaCl.
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Fig. 5. Fluorescence emission changes of aqueous solutions of AJ2DAN at pH 2
and 7 before and after the addition of various metal ions (1 equiv). [AJ2DAN]
=1-10"° mol dm ™3, Ay = 288 nm (pH 2) and 330 nm (pH 7), I = 1.0-10~3 mol
dm~® NaClL

groups being protonated, which induces an electrostatic repulsion that
forces them to stay apart from each other. The presence of a hydrogen
bond between the opposite aliphatic amine functions in HsL3* confers
the macrocycle a more elongated rectangular shape (trans N—N dis-
tances 2.8 and 5.2 i\) than in H4L4+ (trans N—N distances 4.8 and 3.8 }o\).
As a result, the SO, groups in Hg,L3+ are more displaced (7.0 10\) than in
HL* (4.3 A). On the contrary, the monoprotonated HL' species
exhibited an energetic preference for a closed conformation, with the
dansyl side arms almost reaching for each other above the macrocycle
cavity, that appears rectangular as in HsL3* with very similar trans N—N
distances (2.8 and 5.2 A) and a larger displacement of the SO, groups
(8.3 A). The open and partially open structures lie 2.4 and 4.3 kcal/mol
higher that the closed one (Fig. S8).

3.5. Analyses in organic solvents

Due to a strong polarity-dependence of the fluorescence emission of
the dansyl group, the photophysical properties of AJ2DAN were also
studied in various types of solvents with different polarity. The
normalized absorption and emission spectra of AJ2DAN in ACN, DMSO,
EtOH and dioxane were compared with those in water (HEPES pH 7.4)

——ACN
dioxane[
——DMSO
—— EtOH
—H20

Normalized Abs
Normalized Intensity

0.0 -

T T
300 400 500 600 700
Wavelength (nm)

Fig. 6. Normalized absorption (solid lines) and fluorescence emission (dashed
lines) spectra of AJ2DAN in different solvents. [AJ2DAN] = 1-107° mol dm 3,
Aex = 345 nm for DMSO, EtOH, ACN, 335 nm for dioxane, 309 nm for water, I
=1.0-10"2 mol dm > NaCl (in water) or NMe,Cl (organic solvents).
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in Fig. 6. Absorption peaks are quite similar in all solvents, that in water
shows the highest blue-shift (Table 1). Fluorescence emission peaks are
similar for DMSO, EtOH and ACN, both in wavelength and intensity,
while that in water gave the largest peak, centred at 525 nm, and the
lowest intensity. Emission in dioxane exhibited the highest blue-shift,
due to the lower polarity of the solvent compared to the others. The
emission intensity in all organic solvents is higher than in water, with
the largest fluorescence quantum yield observed for dioxane (®g = 1.0).
AJ2DAN exhibits very high Stokes shifts in all solvents, the highest being
in water (11,164 cm’l, corresponding to 194 nm) (Table 1). This latter
finding is remarkable if considering that commercial dyes such as
LysoTracker show much smaller Stokes shift (20 nm). A large Stokes
shift is a quite favorable property, indeed AJ2DAN would prevent un-
wanted events such as self-reabsorption and inner filter effects.

The emission behaviour in dioxane has been studied due to the
similarity between the dielectric constant of the solvent (Table 1) and
cell membranes. Therefore, dioxane can mimic the lipid compartment
and would allow to discover a possible membrane localization.

The photophysical properties of AJ2DAN in dioxane were therefore
further explored. In particular the binding properties in such solvent
were investigated towards several alkali, alkaline-earth, transition and
rare earth metal cations, to verify whether the fluorescence properties
were influenced by the presence of such guests, contrarily to what
observed in aqueous solution (Fig. 7). Upon the addition of 1 equiv. of
Zn** and Cd2+, the dansyl band (338 nm) exhibited a small red shift (+
3 nm), while no significant changes were detected in the presence of rare
earth, alkali and alkaline-earth ions (Fig. S9).

All the tested metal ions induced a change in the emission spectrum
of AJ2DAN, the most relevant results concerning the transition metal
ions, that induced a partial quenching of the fluorescence emission (max
—30 % for Cu®") and a red shift (+ 13 nm for Zn?* and Cd?**, + 15 nm for
Cu?* and + 3 nm for Pd?>") (Fig.s $10 and 7). Small red shifts are also
observed for Ca?t (+ 3 nm), Mg?" (+ 5 nm), Gd** (+ 2nm) and La3* (+
3 nm).

Since the metal ions are added to the probe dissolved in dioxane as
aqueous solutions, a possible interference of water on the fluorescence
emission of AJ2DAN upon the addition of the guests was worthy of
attention. For this reason, to a solution of AJ2DAN in dioxane, already
containing 1.5 % of water, more water has been added to the solution up
to further 0.8 % (25 pL, see experimental part for more details). The
maximum quenching observed was of 5 %, much lower than those
induced by the interaction with the guests. Therefore, it can be quite
safely inferred that the variations observed are due to the metal ions.

Due to the proposed PCT fluorescence mechanism, the observed red
shifts are supposed to depend by the interaction of the metal cations
with the acceptor group of the dansyl fluorophore. In other words, the
cations are more likely coordinated by the donor atoms of the macro-
cycle, included, at least partially, those belonging to sulphonamide
groups.

3.6. DFT calculations in 1,4-dioxane

Due to the interesting fluorescence properties shown by AJ2DAN in
dioxane, a theoretical study at the DFT level of theory was undertaken

Table 1

Spectrophotometric parameters of AJ2DAN in different solvents (Aexy = 345 nm
for DMSO, EtOH, ACN, 335 nm for dioxane, 309 nm for water); &,: dielectric
constant of the solvent; A,ps and Aoy, maxima of the absorption and emission

wavelengths; Ag: Stokes shift in em™ L

Solvent & Aabs (M) hem (NM) Ag (ecm™1)
Water 80.1 331 525 11,164
Dimethyl sulfoxide (DMSO) 46.7 343 540 10,636
Acetonitrile (ACN) 36.7 341 537 10,704
Ethanol (EtOH) 24.3 341 536 10,669
Dioxane 2.20 338 505 9,784
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Fig. 7. Fluorescence emission changes of solutions of AJ2DAN in dioxane after
the addition of various metal ions (1 equiv). [AJ2DAN] = 1-10~% mol dm’3, Aex
=335 nm, I = 1.0-10~> mol dm ™ NMe,Cl.

on the neutral form of the compound (L) using 1,4-dioxane as solvent,
similarly to the previous study in water (Fig. S11). An analysis of the
optimized geometries shows that a partially open conformation is the
preferred one among the tested geometries (open, closed, partially
open). The most stable conformation is probably driven by the formation
of a weak hydrogen bond between an aromatic hydrogen atom of the
dansyl group and the nitrogen atom of an aliphatic amine of the mac-
rocycle (CN 3.24 A, H"N 2.22 A, C-H N 153.1°).

The optimized geometries were used as the starting point for the
optimization of complexes with some of the tested metal cations, to gain
insight into the structural features of the compounds. Moreover, the
bond dissociation energies (BDEs) have also been investigated for the [M
@LI™ - [M]™ + (L) process (L = neutral AJ2DAN) [58-61], to
compare the relative stability of the complexes with different metal ions
in dioxane as solvent. The considered reactions and the relative calcu-
lated energies are reported in Fig. S12. From those data it can be inferred
that i) the formation of all [M(L)]™" complexes is possible, being all
BDEs >> 0 kcal/mol and ii) the zinc and the lithium complexes showed,
respectively, the highest and the lowest BDE values, representative of
the highest and lowest stability within the series of [M(L)]™", respec-
tively. By looking at the calculated structures of the complexes, all of
them exhibited a penta-coordination, with the metal ion bonded to the
four nitrogen atoms of the macrocycle and to one oxygen atom of a SO
group (see the [Li(L)1+ complex in Fig. S12 as evidence of all structures,
that appeared all similar to the representative one). This is in line with
the hypothesis that the red shift observed in the fluorescence emission
upon addition of metal ions is due to the interaction of the guests with
the acceptor group of the dansyl moiety (vide supra).

3.7. Biological studies

3.7.1. AJ2DAN staining on two tumor intestinal cell lines

HT-29 and Caco-2 cells were chosen for the present study, since they
both represent a model of Colorectal cancer (CRC). CRC is the third most
common cancer and the cause of cancer related-death in both men and
women worldwide [62,63]. One of the major reasons for poor prognosis
and therapy failure in CRC patients is multidrug resistance (MDR), a
phenomenon in which cancer cells develop cross-resistance to anti-
cancer drugs of different structures and pharmacological mechanisms of
action [64]. Different researchers reported that dysregulation in endo-
lysosomal compartments is involved in mediating MDR through multi-
ple mechanisms, such as alterations in endosomes, lysosomes and
autophagosomes, that traffic and biodegrade the molecular cargo [65].
For these reasons, HT-29 and Caco-2 intestinal cell lines were firstly
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chosen to test the labelling features of AJ2DAN.

AJ2DAN was added to HT-29 and Caco-2 cells to set staining pa-
rameters and cell conditions. Fluorescence was collected at 490-500
nm, whereas the laser line was tuned at 405 nm. Based on the above
chemical evaluations, it must be pointed out that: i) excitation at 405 nm
corresponds to a very low absorption in solution (Fig. 6), noteworthy the
fluorescence intensity is anyway enough for cell imaging; ii) the emis-
sion wavelength in the 490-500 nm range agrees better with the
observed emission in dioxane than in water solution (Table 1), which
suggests a possible membrane localization of AJ2DAN.

Also, based on the above chemical evaluations (vide supra), the
choice of the described channels allowed us to delineate a panel with
additional fluorochromes and, in particular, to draw the histograms of
the sole AJ2DAN labelling (Fig. 8). The tumor intestinal cell line HT-29
highlights a good brightness for the fluorochrome, underlined by the
high fold of increase of the specific fluorescence concerning unstained
samples (Fig. 8A,B). Similarly, Caco-2 cells showed high fluorescence
values (Fig. 8C,D), although mildly reduced, as also demonstrated by
fluorescence raw data for both cell lines (Fig. S13). Furthermore,
confocal analyses of stained HT-29 cells (Fig. 8Ea,b) addressed the
specific localization of intracellular structures pointed out by AJ2DAN
staining, that appear as green dots, mainly perinuclear, and are
exhibited by all cells although with different brightness. Finally, after
30 min of AJ2DAN addition to the cells, no process of cell death in-
duction was observed.

3.7.2. AJ2DAN fluorescence retention in both analyzed cell lines

To evaluate the degree of cell retention of AJ2DAN fluorescence
during time, cells were analyzed by Flow Cytometry after 36 h storage at
4 °C of labelled and unlabelled tubes. In agreement with other protocols
of cell storage, Hunt et al. [66] shown that adherent cell cultures of
mammalian cells can be stopped for short periods (days to weeks) in
standard media at temperatures between 4 °C and 24 °C. In cultured
mammalian cells, after a quiescence period, viable cells continued to
divide and were used for routine applications. Histograms report a well
detectable fluorescence (Fig. 9A-D), not significantly reduced with
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respect to the same fluorescence values collected on fresh cells, after 20
min of incubation with AJ2DAN (Fig. 9E,F). The same scenario is shown
by both HT-29 and Caco-2 cells, suggesting that the staining properties
of the dye and its retention are independent of cell type.

3.7.3. Cytotoxicity study of AJ2DAN

During the 36 h of storage at 4 °C, besides the fluorescence retention,
also the possible toxicity of the dye was evaluated through the combi-
nation of AJ2DAN with Propidium Iodide (PI), a fluorochrome largely
employed in biological studies to evaluate cell death. Data in Fig. 10
demonstrated that the combination of the two dyes is readily detectable
in a bi-parametric dot plot, allowing for a double colour analysis and
identification of dead cells (red events) and still viable cells (green
events; HT-29 in Fig. 10A, Caco-2 in Fig. 10B). Interestingly, 36 h of cell
exposure to the dye did not induce any significant additional cell death
process, except those caused by a long time of low-temperature expo-
sition; indeed the same percentages of dead cells are detected in both
samples, with and without AJ2DAN, as demonstrated by statistic his-
tograms related to both HT29 (Fig. 10C) and Caco-2 cells (Fig. 10D).
Mean Fluorescence Intensity (MFI) values collected for the same samples
depict a specific AJ2DAN fluorescence decrease for dead cells, high-
lighted by the red histograms in Fig. 10E,F.

All the findings suggest that AJ2DAN specifically labels membrane
organelles, vesicular-like, with a perinuclear distribution. Indeed when
cells lose their viability, AJ2DAN fluorescence drops, suggesting that
these vesicles/vacuoles lose their function and/or structure.

3.7.4. Establishing the nature of intracellular structures traced by AJ2DAN:
The endo-lysosome and autophagosome network

To better define the puncta perinuclear distribution of AJ2DAN
fluorescence, co-staining by AJ2DAN and LTDR was applied. As previ-
ously shown (Fig. 8E), confocal analyses were exclusively conducted on
HT-29 cells since they exhibit a higher proliferation rate, a well-defined
lysosomal network and good staining by AJ2DAN. Indeed, besides
control samples, chloroquine-treated samples have been analyzed
(Fig. 11A,B,C). Chloroquine (CQ) is an anti-malarial drug [67] that has
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Fig. 8. A HT-29 cells: FC histograms at t0 (unlabelled in grey and AJ2DAN-labelled in blue); B Statistical histogram: MFI ratio from AJ2DAN-labelled and unlabelled
HT-29 cells and at t0; C Caco-2 cells: FC histograms at t0; D Statistical histogram: MFI ratio from AJ2DAN-labelled and unlabelled Caco-2 cells and at t0; E Confocal
images of HT-29 cells: unlabelled (Ea) and AJ2DAN-labelled (Eb). Unpaired t-test revealed: **** = p < 0.0001. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)



D. Paderni et al.

A

HT-29

10*

102
AmCyan-A

3000

2000

1000

AJ2DAN LABELLING HT-29 36h

Fedkokok
3000

2000

CACO-2

10* 10°

10
AmCyan-A

3000

2000

1000

AJ2DAN

AJ2DAN LABELLING CACO-2 36h

3000
KKKk

2000

AJ2DAN

1)
NEG

Inorganica Chimica Acta 581 (2025) 122620

AJ2DAN LABELLING HT-29 TOvs36h

1000
0~
TO 36h

AJ2DAN LABELLING CACO-2 TOvs36h

1000
0-
T0 36h

Fig. 9. A HT-29 cells: FC histograms after 36 h from labelling (unlabelled in grey and AJ2DAN-labelled in blue); B Statistical histogram: ratio of MFI from AJ2DAN-
labelled and unlabelled HT-29 cells after 36 h from labelling; C Caco-2 cells: FC histograms after 36 h from labelling; D Statistical histogram: ratio of MFI from
AJ2DAN-labelled and unlabelled Caco-2 cells after 36 h from labelling. E Statistical histogram: comparison of MFI ratio in HT-29 labelled cells at t0 and 36 h. F
Statistical histogram: comparison of MFI ratio in Caco-2 labelled cells at t0 and 36 h. Unpaired t-test revealed: **** = p < 0.0001. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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this article.)

been used as an autophagy inhibitor. Indeed, CQ acts at multiple stages
of the autophagic process: it inhibits cargo degradation in lysosomes
during the final step, while simultaneously accelerating upstream
events, such as autophagosome formation, through its inhibitory effect

on MTOR (mechanistic target of rapamycin (serine/threonine kinase)).
Chloroquine has been demonstrated to inhibit the fusion of autopha-
gosomes with lysosomes [68]. This prevents the lysosomal degradation
of autophagosomes, resulting in an increase in the accumulation of
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Fig. 11. Single confocal optical sections of: HT-29 CTRL cells at 4 h (A), HT-29 cells treated with 5 pM CQ (B) and 50 pM CQ (C); AJ2DAN (green) and LTDR (red).
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Fig. 12. Single confocal optical sections of: HT-29 CTRL cells at 24 h (A), HT-29 cells treated with 5 pM CQ (B), 50 pM CQ (C); AJ2DAN (green) and LTDR (red).
Statistical histograms of MFI ratio: AJ2DAN (D), LTDR (E), MDC (F), Autophagy kit (G) in CTRL (black), 5 uM (soft grey) and 50 uM (dark grey) CQ-treated cells at
24 h.One-way ANOVA with Bonferroni’s multiple comparison revealed: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

10



D. Paderni et al.

autophagosomes [69]. This is the case of treatment with 5 uM CQ, after
4 h: cells appear enriched of vesicular-like structures, mainly yellow
orange (stained by both AJ2DAN and LTDR) but also red (stained only
by LTDR). Cardoso and coworkers [70] addressed that initial
chloroquine-induced lysosome neutralization was followed by partial
recovery of undegraded endocytic, phagocytic and autophagic cargo.
Our data propelled us to consider the green vesicular structures (stained
by AJ2DAN only) observed after 24 h (Fig. 12B) as undegrading vacu-
oles, mainly of autophagosome origin. FC quantitative determinations
support such consideration well after 4 and 24 h (Fig. 11E vs Fig. 12E).

CQ is a lipophilic drug that easily permeates cell membranes and
accumulates within lysosomes. Due to its weak basic properties, CQ
raises the lysosomal pH from approximately 4 to 6 over a span of several
hours. This alteration in the acidic environment leads to the inhibition of
lysosomal proteases [71] and, at high concentrations (50 pM), to the
disturbance of several cell processes [72]. This evidence is in agreement
with our findings, reported in Fig.s 11C and 12C, highlighting HT-29
cells treated by CQ 50 uM for 4 h and 24 h, respectively. In fact, cells
display a reduced number of “pale” lysosomes (in other words less
functional), whereas they still exhibit well-detectable green vacuolar/
vesicular structures (structures that do not fuse with impaired lyso-
somes), that are the only ones visible after 24 h. FC quantitative data
(Fig.s 11D and 12D) confirm and deepen the previous findings, which
agree with our preceding studies [41].

On the basis of the findings of Maulucci and coworkers, an increase
of AJ2DAN MFI (by FC) or fluorescence puncta (by CM) upon CQ
addition can be considered as a raising in the number of autophagic
intermediates (amphisomes, formed during autophagy through the
fusion between autophagosomes and endosomes), characterized ac-
cording to autophagic intermediates pH distribution (AIPD) analysis by
a continuous pH distribution in the range 4.5-6.5 [73]. This seems to be
directly proportional to CQ exposition time and concentration, indeed at
CQ 50 pM concentration it is possible to observe the lack of co-
localization of “green” AJ2DANPH"e yesicles with LTDRP®Ve lyso-
somes, attesting a specificity for vesicular structures with mild acidic
environment (autophagosomes, amphisomes).

Therefore, in the light of FC detection of autophagic vacuoles by both
MDC and the Autophagy Kit (Fig.s 11F, G and 12F,G) AJ2DAN can be
considered a probe useful for the detection of processes involving
autophagic and vesicular trafficking, in cell death and survival studies. It
may be useful in characterizing the autophagic process in models for
studying anticancer drugs, since suppressors and enhancers of auto-
phagy can control the autophagy-induced cell death [74].

Moreover, the physiological process of endosomal-lysosomal matu-
ration, acidification and sorting systems along the endocytic pathway
can incur in abnormalities frequently observed in neurodegenerative
diseases, especially Alzheimer’s disease (AD). Indeed, a promising
therapeutic strategy to suppress atherosclerosis arises from targeting
autophagy in major atherogenesis associated cells [75]. For these rea-
sons, the potential efficacy of AJ2DAN labelling on neuronal cell lines of
both murine (e.g HT22) and human (e.g. SK-N-MC) origin or endothelial
cell lines (e.g. HUVEC or HMEK) will be taken into account in the future.

Finally, due to its pH dependent fluorescence properties, AJ2DAN
may be recommended for cellular labelling both alone and in co-
presence of LTDR. Indeed, their combination would help both to finely
characterize the tropism of AJ2DAN for intracellular vacuoles/vesicles
as well as to detail the maturation steps of the endo-lysosomal
compartment, involved not only in the autophagic pathway [54] but
also in assessing the cellular response to drug delivery systems [76,77].
On the other hand, the pH heterogeneity (5.8-6.2) of autophagosomes is
independent from fusion with lysosomes (traced by LTDR), since it de-
rives from differences in the organelle content and membrane protein
composition, in the balance of proton pumps and leaks [78] and in the
organelles implicated in the origin of the phagophore [79]. All these
aspects can modify the labelling properties of AJ2DAN, giving rise to
profound modulation of MFI values.
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4. Conclusion

In summary, we have developed a new fluorescent molecule,
AJ2DAN, by functionalizing the two secondary amine functions of the
1,7-dimethyl-cyclen macrocycle with the dansyl fluorophore. The fluo-
rescent properties of the probe resulted pH-dependent, being AJ2DAN
quenched at pH 2 and showing the maximum emission at neutral pH, in
agreement with a PCT-based fluorescence mechanism. AJ2DAN proven
as a robust probe in aqueous solution, with a large Stokes shift both in
water and in several organic solvents.

Tested as a fluorescent probe in biological environment, AJ2DAN
exhibited a long-retained fluorescence in both HT-29 and Caco-2 tested
cell lines, moreover it resulted not toxic for the cells, allowing its use in
panels to study cell death induction. Furthermore, since Chloroquine
inhibits autophagic flux by decreasing autophagosome-lysosome fusion,
this drug was taken into account in the designed working plan. The
observed increase of AJ2DAN MFI (by FC) or fluorescence puncta (by
CM) upon Chloroquine addition may be related with a higher number of
autophagic intermediates, characterized according to autophagic in-
termediates pH distribution (AIPD) analysis by a continuous pH distri-
bution in the range 4.5-6.5.

Nevertheless, the pH behaviour is only secondary compared to the
ability of AJ2DAN to inform about the quantity (FC) and distribution
(CM) of a very dynamic endo-lysosomal compartment, that is also
maturely linked to pH variations.

All the findings point at considering AJ2DAN as a useful probe for the
detection of processes involving autophagic and vesicular trafficking, in
cell death and survival studies through flow cytometric analysis.
AJ2DAN may be recommended for both labelling and co-labeling with
LTDR, to finely characterize the tropism of AJ2DAN for intracellular
vacuoles/vesicles as well as to detail the maturation steps of the endo-
lysosomal compartment.

Finally, compared to the previously studied compound AJ2NBD, the
new probe AJ2DAN may represent an evolutionary step, due to i) the
more favorable excitation and emission spectra (better combination
with other fluorochromes in multicolor analyses) and ii) the significant
decrease in the number and/or functions of vesicular-like AJ2DAN-
labelled structures in the PIP*ie dying cells, that can represent an
additional useful information in cell-death inducing studies.
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