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Abstract
Ruthenium dipyridophenazine (dppz) complexes are sensitive luminescent probes for hydrophobic
environments. Here, we apply multiple-frequency fluorescence lifetime imaging microscopy
(FLIM) to Δ and Λ enantiomers of lipophilic ruthenium dppz complexes in live and fixed cells,
and their different lifetime staining patterns are related to conventional intensity-based
microscopy. Excited state lifetimes of the enantiomers determined from FLIM measurements
correspond well with spectroscopically measured emission decay curves in pure
microenvironments of DNA, phospholipid membrane or a model protein. We show that FLIM can
be applied to monitor the long-lived excited states of ruthenium complex enantiomers and,
combined with confocal microscopy, give new insight into their biomolecular binding and reveal
differences in the microenvironment probed by the complexes.
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Ruthenium dipyridophenazine (dppz) complexes have evolved as luminescent probes owing
to their high affinity for DNA, and the “light switch effect” that makes them brightly
luminescent in hydrophobic environments and virtually non-luminescent in aqueous
solutions.1–10 The chiral ruthenium dppz complex enantiomers with their characteristic
propeller shapes have been used as diastereomeric probes of DNA11 and to probe the
handedness of DNA helices.12 The two enantiomers show large differences in both
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emission quantum yield and excited state lifetime when bound to DNA in spite of the fact
that both DNA affinity and binding geometry (intercalation) are very similar. These
photophysical differences are most likely due to slightly different locations of the dppz-
ligand in the intercalation pocket for Δ and Λ, respectively.5,11,13–15 Apart from their well
characterized DNA-binding properties, ruthenium(II) complexes also show potential as
luminescent probes for other bioenvironments, such as RNA16,17 and lipid membranes.18–
21 The large Stokes shift, red emission wavelengths, high photostability, and the fact that
the excited state properties can be systematically tuned by ligand substitution, make these
metal ligand complexes attractive as fluorescent probes in cellular imaging applications in
comparison to conventional organic fluorescent dyes. Since the photoluminescence lifetime
is independent of fluorophore concentration, light intensity and photobleaching,22 it is an
ideal parameter to remotely monitor the local environment of the probe. Ruthenium
polypyridyl complexes have been used as oxygen sensing probes,23–25 and their ability to
monitor the microenvironment may enable probing of cellular events and biomolecular
interactions26 by fluorescence lifetime imaging microscopy (FLIM).

In this study, the two enantiomers of an alkyl ether substituted Ru(phen)2dppz2+ complex
(where phen is 1,10-phenantroline) denoted D4 in Chart 1, and their interaction with calf
thymus DNA, phospholipid vesicles and bovine serum albumin, as well as their cellular
localization, binding preference and differences in excited state lifetimes in CHO-K1 cells,
have been investigated by multiple-frequency FLIM and confocal laser scanning microscopy
(CLSM). Additionally, photophysical characterization by steady state emission and pulsed
laser spectroscopy of the enantiomers in various pure environments has been performed and
compared to microscopy data. Little is known about diastereomeric differences for
ruthenium complexes regarding affinity to the plasma membrane, cellular uptake27 or
biomolecular binding and, to the best of our knowledge, this is the first time FLIM has ever
been used to reveal differences in enantiomeric intracellular staining in mammalian cells.

The CLSM images of Δ- and Λ-D4 in fixed CHO-K1 cells in Figure 1 show the emission
intensities in the cytoplasm to be very similar for the two enantiomers. However, Δ shows
much brighter emission inside the nucleus but less intensity in the nucleolus, as when
compared to Λ for which the emission in the nucleolus is most intense (Figure 1, intensity
profiles).

The different emission intensities in the nuclei for Δ and Λ revealed by confocal microscopy
could be due to diverse concentrations, and hence affinity to the constituents of the nucleus,
or to a difference in photophysical properties, or both. To gain further insight on the
influence of the microenvironment of the complexes, excited state lifetimes for the
enantiomers in different bio-environments were measured. Multiple-frequency FLIM and
time-resolved emission decay measurements were performed on the enantiomers bound to
calf thymus DNA (ctDNA), phospholipid vesicles (LUV), and Bovine serum albumin (BSA)
and the obtained lifetimes are presented in Table 1, together with fractional intensities. As
expected, the lifetime of the two enantiomers differ significantly when bound to DNA; Δ
shows a 5–7 times longer apparent lifetime than Λ, when fitted to a biexponential decay
function.14 Importantly, the lifetimes obtained from FLIM are consistently in the same range
as those from the time-resolved emission measurements. Both enantiomers show
monoexponential decay rates and similar lifetimes when embedded in the lipid bilayer of
LUVs, although with the presence of a component too fast for the time resolution of the
instrument, attributed to scattering from the vesicles. The LUV values also correspond well
to the ones obtained for similar racemic complexes reported previously.20 When the
lifetimes of the LUV-bound complexes are measured with FLIM, two lifetimes are needed
to accurately fit the data, and the apparent lifetimes are slightly shorter, but still in the same
range, as the emission decay results. Data for complexes bound to BSA can be nicely fitted
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with a two-exponential decay function, and the apparent lifetimes are comparable for both
enantiomers and similar to those in LUVs.

Quantum yields (Φ) have also been obtained from steady state emission for the two
enantiomers in the different environments, Table 1. In general, the two enantiomers have
roughly the same quantum yields, except when bound to DNA, where Φ(Δ) is about nine
times higher than Φ(Λ). When the samples are purged with nitrogen for 10 minutes to
reduce the free oxygen concentration, only a minor increase in quantum yield is observed for
complexes bound to DNA or LUVs (less than 10%), whereas BSA-bound complex show an
increase of about 70%, indicating that not only the azanitrogens on the dppz-ligand, but the
whole molecule as such, is more exposed in the BSA environment. The data presented here
can be used to partly explain what is observed in Figure 1; The enantiomers have similar
emission intensity in the cytoplasm, presumably bound to membrane structures in the
endoplasmic reticulum and Golgi apparatus. The higher quantum yield for DNA-bound Δ
results in brighter staining of the nucleus for this enantiomer.

Figure 2 shows the false color emission lifetime, emission intensity and bright field image of
Δ- and Λ-D4 in fixed CHO-K1 cells. The false color image reflects the apparent excited
state lifetime of the complexes, fitted with one lifetime in each pixel. However, lifetime data
from a collection of pixels inside the cell typically require biexponential decay functions to
be well reproduced, thus the values of the single pixel monoexponential fits should be
considered with some caution, and rather be expected to reflect trends in the lifetime
distribution. Clearly, the Δ enantiomer has a longer apparent lifetime inside the cell than the
Λ complex, as seen from the colors in the FLIM image (scale range from 200 ns (blue) to
360 ns (red)). In addition, Λ seems to have a somewhat shorter apparent lifetime in the
nucleus compared to in the cytoplasm, although the differences are very small (dark blue
color in the nucleus correspond to a somewhat shorter lifetime than in the cytoplasm).
However, the Δ complex has the longest apparent lifetime inside the nucleus. Furthermore,
the intensity images (Fig. 2 middle) agree with conclusions from confocal microscopy - that
the intensity profiles for the two enantiomers differ, with Δ more intense in the nucleus (red
color) and Λ more intense in the cytoplasm, although intracellular structures are somewhat
blurred since both lifetime and intensity images are produced using wide field rather than
confocal imaging.

Figure 3 (left) shows Δ- and Λ-D4 bound to the plasma membrane of live CHO-K1 cells
where the false color image reflects the apparent lifetime of the complexes. After a few
minutes of illumination by a light-emitting diode (LED) at 405 nm, membrane-bound
ruthenium complex induce photodamage and membrane permeabilization, resulting in
accumulation of extracellular complex inside the cell, a process referred to as photoactivated
uptake.9 After uptake, the emission intensity increases and both lifetime (middle) and the
emission intensity images (right) become similar to what is seen in fixed cells (Fig. 2) but
with slightly shorter lifetimes in general (color bars are 75–250 ns). It can be clearly seen
from a comparison of the lifetime and intensity images (middle and right) that for Δ the
strongest emission intensity is co-localized with the longest lifetimes. In contrast to Δ, Λ
displays the strongest emission intensity outside the nucleus whereas the apparent lifetime is
slightly longer in the nucleus than in the cytoplasm. (For analysis of lifetime and emission
intensity throughout the cell, see Supporting Information, Fig. S1.) This staining pattern is
somewhat different from what is observed for Λ in fixed cells where complex localized in
the cytoplasm possess both the longest lifetime and the brightest emission, thus indicating
that the complexes experience different microenvironments in the two cases (Supporting
Information, Fig. S2). It should be noted that both fixation and photoactivated uptake may
affect intracellular structures, however, these results point to the fact that the Λ enantiomers
sense subtle differences that can be probed by FLIM, which are not observed by emission
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intensity imaging. CLSM show similar intensity staining patterns for the two enantiomers in
cells after photoactivated uptake compared to their staining of methanol fixed cells
(Supporting Information, Fig. S3).

Lifetimes for the two enantiomers, when bound to the plasma membrane of live cells, in the
nucleus of methanol fixed cells and in cells after photoactivated uptake are presented in
Table 2. Both enantiomers show similar apparent lifetimes in the plasma membrane that
correspond well with those measured in lipid vesicles. Comparing fixed and
photopermeabilized cells the lifetimes are somewhat longer and the fractions of the long
lifetime component are larger in the former, which may reflect that fixation results in
alteration of the microenvironment probed by the complexes, when bound to certain
biomolecular structures (or a certain biomolecular structure). Residual methanol from the
fixation procedure that decreases the water content and prolongs the lifetimes is a plausible
explanation. In the nucleus, the Δ enantiomers have somewhat longer lifetime than Λ, but
this difference is surprisingly small considering their diverse lifetimes when bound to pure
DNA in solution (see Table 1). The lifetimes in the nucleus fall in between those calculated
for the two enantiomers in isolated DNA. Interestingly, the lifetime for Λ is longer than
observed in any of the pure microenvironments. One possible explanation is that a small
fraction of Λ is bound in an environment that results in unusually long lifetimes, while for Δ
this lifetime increase in not observed, since the lifetime of this enantiomer is already close to
the maximum value observed in aprotic solvents.

Generally, the lifetime data for the cell experiments are not perfectly reproduced with a bi-
exponential decay function (somewhat high χ2). Indeed, the heterogeneous nature of the cell
makes it highly possible that the ruthenium complexes are localized in many different
microenvironments and hence a wider distribution of lifetimes should be expected, rather
than one or two discrete lifetimes.

The Δ and Λ enantiomers are identical except for their difference in handedness, and since
their affinity for the most chiral host, DNA, is very similar, there is no a priori reason to
assume a difference in their intracellular localization. The excited state lifetime data further
support the claim that their distinct dissimilar cellular staining patterns observed with CLSM
is a result only of the higher quantum yield of DNA-bound Δ, and not of differences in
biomolecular affinities or intracellular distribution.

In conclusion, we have shown that excited state lifetimes, in addition to intensity imaging, of
ruthenium dppz-type complexes can be used to image diastereomeric interactions inside the
cell and cell nucleus by multiple-frequency FLIM. The environmentally sensitive lifetimes
of these complexes probe their biomolecular binding, giving insight in their
microenvironment and in DNA accessibility. The FLIM technique requires much less light
than confocal imaging and advantages, such as independence of fluorophore concentration
and light intensity, make this technique ideal to gain insight in molecular interactions inside
cells. Since the emission intensity and maximum wavelength is known to depend on the
microenvironment of these ruthenium dppz complexes,9 continued studies that utilize the
possibility of ratiometric analysis should be elaborated in the microscopy setup, and
solvatochromic effects should be explored, to fully use the potential of these complexes
combined with the FLIM technique. Additionally, FLIM might be used to discriminate
complexes bound to proteins from those in lipid membranes in the cytoplasm by means of
varying intracellular oxygen concentrations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative transmission (upper) and emission confocal laser scanning (middle) images
of the intracellular distribution of Δ- and Λ-D4 in fixed CHO-K1 cells. The lower panel
shows intensity profile plots resolving intracellular differences in emission intensity of the
two enantiomers. The black horizontal bars indicate the location of the nucleus. Laser
intensity and photo multiplier gain are the same in both images, and intensities are thus
directly comparable.
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Figure 2.
False color fluorescence lifetime images (left), emission intensity images (middle) and
transmission images (right) of Δ- and Λ-D4 in fixed CHO-K1 cells showing the
enantiospecific difference in apparent intracellular lifetime as well as their different lifetime
distributions. FLIM color bars: 200–360 ns.
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Figure 3.
False color fluorescence lifetime images of membrane bound Δ- and Λ-D4 in live CHO-K1
cells before (left) and after (middle) photoactivated uptake. The fluorescence intensity
images (right) correspond to the lifetime images after uptake. FLIM color bars 75–250 ns.
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Chart 1.
Molecular structure of Δ- and Λ-D4. Ruthenium are shown in orange, nitrogen in purple and
oxygen in cyan. Hydrogens are omitted for clarity.
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