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The first detailed analysis of FLIM applications for Mg cell imaging is presented. We employed the Mg-sensitive fluorescent dye named DCHQ5, a derivative

of diaza-18-crown-6 ethers appended with two 8-hydroxyquinoline groups, to perform fluorescence lifetime imaging in control and Mg deprived Sa0S-2

live cells, which contain different concentration of magnesium. We found that the lifetime maps are almost uniform all over the cells and, most relevant,

we showed that the ratio of the amplitude terms is related to the magnesium intracellular concentration.

Fluorescence lifetime imaging (FLIM) am

established method for live-cell imaging and can provi@®

represents

novel information from intact cellular environments.? TH4
technique allows one to generate image contrast based on t22
decay time of endogenous fluorophores or sensing dyes a8
each point in a two-dimensional image.>* Most fluoresced#
dyes undergo a change in the fluorescence lifetime up@b
binding their specific ion. Therefore, FLIM may be exploiteg;
for imaging intracellular ions without the need for
the same
advantages, such as no bias from fluorophore concentratigny
and/or light path ang
photobleaching.> Moreover, changes in the physicochemicg{

wavelength-ratiometric  probes, bearing

excitation intensity, length

intracellular microenvironment of density, pH and lipophilicity
may have substantial effects on the fluorescence lifetime ofyg
fluorophore, and FLIM may in principle exploit the naturg'zh
heterogeneity of cells and tissues, turning this informatioo,%

into image contrast.
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FLIM disentangles the contributions to fluorescence intensity
that come from fluorophore concentration and time
behaviour of the fluorescence decay. Thus, it can also be
exploited to gain a deeper insight into results obtained
through conventional steady state fluorescence imaging (e.g.,
confocal microscopy), which is actually fluorescence intensity
imaging.

Commercial magnesium (Mg) dyes have been characterized
for FLIM applications,® although at present no further
experimental studies have been reported in literature. The
aforementioned features of FLIM could be employed to
acquire information on magnesium content and distribution
in subcellular compartments with different composition. The
development of novel sensors exhibiting discriminating
lifetimes’=® marks a step further in this direction.

We have designed and characterized a panel of some
derivatives of diaza-18-crown-6 ethers appended with two 8-
hydroxyquinoline groups (DCHQs) that carry task-specific
substituents in position 2, 4 or 5 of the quinoline ring system.
This results in sensing dyes that show interesting applications
to measure the cell magnesium content and distribution. 1%
The photophysical properties of this class of compounds are
determined by the presence of the derivatives of the well-
known 8-hydroxyquinoline dye. Among these, the probe
named DCHQ5, composed of an N,N’-bis-((8-hydroxy-7-
quinolinyl)methyl)-1,10-diaza-18-crown-6 ether bearing a
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Fig. 1 Characteristics of DCHQ5:
A) Chemical structure of DCHQ5. 100
B) Confocal microscopy image (Aexc = 488 nm) of SaOA
human osteosarcoma cells stained with DCHQ5 10 uM. 102
C) DCHQS5 (15 uM) fluorescence spectra (Aexc = 360 nm)16§
sonicated samples of control (Ctrl, red line) and Mg-depri
(-Mg, blue line) Sa0S-2 cells. Results from a typical
experiment. 105
D) Total intracellular Mg concentrations quantified 19;5
fluorimetric DCHQS5 assay 22 in sonicated samples of confr@V
(Ctrl, red bar) and Mg-deprived (-Mg, blue bar) Sa0S-2 cellsQ8
The concentrations assessed were 41.4 + 3.9 mM and 22.3 g4
9.9 mM respectively. Data are reported as mean
Statistical significance was determined using Student’s t tfﬂ
(*p < 0.05).

112
In fact, the fluorescent dye DCHQ5 owns the unique analytich®

capability to quantify the total intracellular magnesilii¢t
enhanddd

characteristics as compared with the other members of &

content by fluorimetric assay and shows
panel.’2 It displays high fluorescence intensity upon catidr/
binding (Fig. 1C) and intense intracellular staining (Fig. 1)
great intracellular retention and a notable fluorescence sight®
stability.X Furthermore, it provides the advantage of effecthé®
excitation both in the UV and visible (488 nm) wavelengtd
ranges,!! opening the possibility to exploit the dye for FLRZ

measurements. 123

Indeed, it is known that in biological samples }Igél
autofluorescence might present serious competition \/91???
exogenous dyes in lifetime imaging, and it is typically stronép
at shorter wavelengths. At this extent, green-fluorescent déd
commercially available, with excitation ideally suited to 178
488 nm laser line, were used to differentiate between 28
extrinsic label and the autofluorescence.’* The fluoresceng®

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

decay of several members of the DCHQ family were examined
by
spectrofluorimetry. The decay can be conveniently fitted only

in different cell lines single-photon  counting
if two different excited-state lifetimes are considered. The
two observed lifetimes are similar in the different cell lines for
all the dyes tested, with a short decay time t1 (few ns) and a

much longer decay time t2 (>10 ns).”

It is unlikely that the two lifetimes reflect the bound and
unbound state of the dye due to the DCHQ5 physical chemical
propertiest!. In fact, we reported that i) the fluorescence of
the dye bound to Mg is up to 21 times higher than the
fluorescence intensity of the unbound DCHQ5; and ii) the
proportion of the unbound dye is by several orders of
magnitude lower of the bound dye due to the very low Kd of
DCHQ5 (83 uM)*2,

The most straightforward interpretation of the existence of
two families of excited-states characterized by different
lifetimes is that the probe molecules are surrounded by two
different environments, a more polar one that is likely the
cytosol, resulting in t1, and a less polar one when the probe is
localized, for example in membranes, leading to t2. Indeed,
there is experimental evidence that hydrophobic derivatives
of hydroxyquinoline preferentially distribute into lipophilic
moieties.’® Hence, the hydrophobic nature of DCHQ dyes and
the aforementioned lifetime measurements could led to
hypothesize that the fluorescence enhancement obtained in
intact cells is generated by the entrapment of the probe in
membrane compartments.’® However, this characteristic
would represent a serious drawback, preventing the use of
the fluorescent dye for magnesium quantitative assessment
in live cells by confocal imaging. Different lifetimes
corresponding to different intracellular compartments may in
principle hamper the assessment of the intracellular content
of Mg by steady state imaging techniques. In fact, the
the
and the enhancement of the

fluorescence quantum yield is proportional to

fluorescence lifetime?®
fluorescence signal in certain regions of the cell could wrongly
be ascribed to a higher Mg concentration. Therefore, the need
to explore the intracellular spatial distribution of the
fluorescence decay of the dye becomes of paramount
importance. This information will provide the experimental
evidence about the possibility to expand the application of the

DCHQS5 dye to quantitative imaging techniques.

In addition to inspect whether the spatial distribution of
lifetimes is influenced by the dye compartmentalization, we
also wanted to inspect how in the same cellular environment
(i.e. same cell type) a different Mg content affects FLIM maps.

This journal is © The Royal Society of Chemistry 20xx
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To this aim, we exploited two sister cell lines Sa0S-2: contdl
and Mg-deprived, purposely prepared to contain differé2
amount of total intracellular Mg (see supplementpgs
information). The total intracellular Mg concentrationslgfl
these two cell lines was quantified by fluorimetric DCHl%S
assay resulting to be: 41.4 + 3.9 mM in control Sa0S-2 ané
22.3+9.9 mM in Mg-deprived Sa0S-2 as reported in (Fig. 1:|I§)6
We employed the DCHQ5 dye to perform fluoresceA&/
lifetime imaging in samples of the same control and M8
deprived Sa0S-2 live cells to explore: i) the capability of ##9
dye to provide FLIM maps under visible light excitation; ii) the
implications for magnesium assessment in cells that derive
from an uneven distribution of excited-states with different
lifetimes; and iii) the possible FLIM applications for
guantitative biological imaging of magnesium. As a typical
example of the results obtained, Fig. 2B reports the decay
curves measured from two different areas (the AOls indicated
in the steady state fluorescence image in Fig. 2A) of a Sa0S-2
cell. The best model to account for the fluorescence of all the
cells considered in the present experiment proved to be a bi-
exponential function with an offset, which was included in the
model to account for and allow the removal of any unspecific
long living emission, mainly due to the optical elements
(especially the microscope objective). The bi-exponential
fitting, consistently with previous experiments, identified a
short decay time t1 with higher amplitude Al and ten-fold
longer decay time 12 with corresponding lower amplitude A2
(Fig. 2C). Comparable lifetime values were measured from
both areas, despite the different intensity. Actually, the strong
difference in the steady state fluorescence signal detected
from the two areas can be attributed only to the amplitudes,
which both reduce by a factor of two in the AOI 2,
characterized by weaker fluorescence, thus leaving the ratio
of the amplitude terms roughly unchanged.

Fig. 3 shows the lifetime and amplitude maps for the same
Sa0S-2 cell as in Fig. 2. The maps present the typical “salt and
pepper” noise (Poisson noise) ascribable to the limited
number of photons per pixel that mainly affects the images
acquired at long delays after the excitation pulses.

Notwithstanding the noise, the lifetime maps (Fig. 3C and D)
show neither spatial features, nor any correlation with the
steady state fluorescence intensity (Fig. 2A). At variance, the
amplitude maps match the pattern of the steady state
fluorescence image. This confirms that the spatial variatiort 8P
the fluorescence intensity stems from the amplit&@é
variation, which, according to a simple model, measures %1%’@
spatial concentration of the probe. Consistent results w%?e:3
obtained for all control Sa0S-2 cells. To test the dependel:ln?é1

This journal is © The Royal Society of Chemistry 20xx

of the fluorescence lifetimes maps and their amplitudes on
the intracellular concentration of magnesium, FLIM was
performed also on Mg-deprived Sa0S-2 (-Mg) cells.

The experiment confirmed the insensitivity of the lifetime
values to the magnesium concentration, which instead affects
significantly the amplitude ratio (A1/A2) of the short living vs.
long living fluorescent components. Fig. 4 displays the
boxplots of the lifetime ratio and the amplitude ratio for both
cell types (control (Ctrl) and Mg-deprived (-Mg) Sa0S-2),
showing that comparable lifetime ratio is measured
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Fig. 2 A) Steady state fluorescence image of a typical Sa0S-2
cell; B) Examples of bi-exponential fit with residuals on the
fluorescence emission decay integrated over the pixels of AOI
1, (high intensity) and AQOI 2 (low intensity); C) Histograms of
the amplitudes (a.u.) and lifetimes (ns) in AOIs 1 and 2.
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result indicates that the amplitudes
intracellular content. Further, by the amplitude ratio (A1/233
it is possible to distinguish between cells having a differe2ad}
of about 20 mM in their total intracellular Mg concentrati»35
as the case of the sister cell lines employed in this study (Ri§6
1D). However, the fluctuation of Mg concentration withia3¥
single cell is much smaller,’” making more challenging the t2318
of mapping local Mg intracellular compartmentalization2&9
fact, in all the single cells analyzed we did not find a statistical
relevant difference in the amplitude ratio (A1/A2) betw@é®
the AOIs corresponding to different steady state fluoresceRéd

intensities, although the data reported in Fig. 3 might suggd®2
243

244
245
246
247
248
249

a trend in the expected direction.

A1% | A2% A1/A2
1.59

1.52

A1[A.U] A2[A.U.] Taul [ps]
1 0.18 0.12 1800
2 0.09 0.06 1850

Tau2 [ps]
14300 61 39
14300 60 @ 40

' 10 um

250

251
Fig. 3 Amplitude (a.u., A and B) and lifetime (ns, C and D) 252

maps of the short (A, C) and long (B, D) living fluorescent 253
components measured in the Sa0S-2 cell shown in Fig. 2.

The experiment confirmed the insensitivity of the lifetipel
values to the magnesium concentration, which instead affepts
significantly the amplitude ratio (A1/A2) of the short livingusg
long living fluorescent components. Fig. 4 displays 3l
boxplots of the lifetime ratio and the amplitude ratio for boty
cell types (control (Ctrl) and Mg-deprived (-Mg) SaOS52g
showing that comparable lifetime ratio is measupegh
independent of the magnesium concentration, while $g
amplitude ratio is significantly higher for control Sa0S-2 cgfly
than for deprived ones (Mann-Whitney test, p < 0.0001). Hgsg
result indicates that the amplitudes of the DCI-B%'S4
fluorescence components are related to the average %%

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

intracellular content. Further, by the amplitude ratio (A1/A2)
it is possible to distinguish between cells having a difference
of about 20 mM in their total intracellular Mg concentration,
as the case of the sister cell lines employed in this study (Fig.
1D). However, the fluctuation of Mg concentration within a
single cell is much smaller,’” making more challenging the task
of mapping local Mg intracellular compartmentalization. In
fact, in all the single cells analyzed we did not find a statistical
relevant difference in the amplitude ratio (A1/A2) between
the AOIs corresponding to different steady state fluorescence
intensities, although the data reported in Fig. 3 might suggest
a trend in the expected direction.

We also performed analogous measurements on an
additional cell line of human colon carcinoma (LoVo) known
to have a lower intracellular Mg concentration with respect to
Sa0S-2 cells?(Suppl. Inf Fig 1S and table 1S). The amplitude
ratio of LoVo cells is lower than that of Sa0S-2, which is
consistent with the different intracellular Mg content.
However, it should be pointed out that different cell lines,
coming from different tissues have different biochemical and
less

metabolic characteristics, making the comparison

significant than that obtained comparing same cell types.

5 . P 0.18 B B
4 1 016
o . 3
<3 50.14
“ o |
2 . Fo.2
\ |
1 p<0.0001 0.10
Sa0s-2  Sa0s-2 Sa08-2 Sa0s-2
(Ctrl) (-Mg) (Ctrl) (-Mg)

Fig. 4 Boxplot of the fluorescence amplitude ratio (A) and
lifetime ratio (B) obtained from control (Ctrl) and Mg-deprived
(-Mg) Sa0s-2 cells.

Conclusions

In conclusion, we present the first detailed analysis of FLIM

applications for Mg cell imaging. We employed the
fluorescent dye DCHQ5, a derivative of diaza-18-crown-6
ethers appended with two 8-hydroxyquinoline groups,
obtaining FLIM maps of magnesium in live cells and most
important showing that the ratio of the amplitude terms of
the bi-exponential equation of the fluorescence lifetime decay
is related to the intracellular

average magnesium

concentration.

We provided the evidence that information on intracellular
Magnesium concentration can be obtained performing

This journal is © The Royal Society of Chemistry 20xx
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(steady state) confocal imaging of the proposed fluorescad
probe under visible light excitation, as the time domdid
features of its fluorescence are not affected by its subcelld3#
compartmentalization. In addition, using the same cell t

with a difference in Mg content, we determined that the Mg7
intracellular concentration influences the amplitude of ghe&
lifetime decay relying on the fact that any changes in the FBIW
data can only originate from changes in Mg intracell320
concentration. It should be underlined that these conclusidgd
could not be drawn by comparing different cell lines, whi?t%z
although having different Mg concentration, also have v. W
different intracellular environment, coming from differgQ’S
tissues and/or different animal species, eventually having
327

From a more general perspective, these results represer;‘sczg3

different biochemical and physiological characteristics.

proof-of-principle for the application of FLIM to elem
analysis in live cells. More in particular, they indicate that glﬁ
analytical properties of DCHQ5 can be potentially exploitectp

perform Mg quantitative imaging analysis by conventid@3@B
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