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Simple and non-charged long-lived fluorescent intracellular
mitochondria and lysosome trackers based on acridones

Pilar Herrero-Foncubierta,®? Maria del Carmen Gonzalez-Garcia,? Sandra Resa,? Jose Manuel
Paredes,® M. D. Girdn,° R. Salto,® Delia Miguel,? Juan M. Cuerva,® and Angel Orte®

In this work we evaluated by FLIM microscopy the preferential accumulation of long-lived acridone derivatives
in mitochondria and lysosomes, based on a new concept of non-protonable and non-charged groups carriers.
Thus, thiophene ring has been proved to act as mithocondria carrier whereas pyridine derivative is preferentially
accumulated into lisosomes.

Numerous of the current major diseases are related to cell disorders characterized by anomalous
physiological processes of the cell cycle. To achieve a better understanding of these pathological
progressions an accurate monitoring of subcellular microenvironments, commonly known as organelles, is
critical. These structures play important roles in the cell growth, proliferation, signal transduction and
apoptosis, being also the main sources of bioactive species. Notably, in the last years high efforts have
been devoted to the design and synthesis of organelle targeted fluorescent probes.'? Despite the satisfying
results obtained with the developed trackers, some improvements would be welcome. Thus, for example,
long fluorescence lifetimes, 7, are interesting in the context of their application in time-resolved methods,
as fluorescence lifetime imaging microscopy (FLIM).3 FLIM is a multidimensional technique that provides
not only information on the total fluorescence intensity emitted, but also on the kinetics of the emitted
photons. This technique thus provides excellent tools for intracellular sensing, free of interferences such
as the cell autofluorescence or inhomogeneity on the excitation source.* Current subcellular trackers are
characterized by emissions in the range of 3-5 ns. Translation of the actual knowledge to long-lived
fluorescent intracellular fluorophores would result in an increase in the sensibility of the technique. A key
point is then the selection of the emissive species. It is known that acridones are characterized by unusually
long fluorescence lifetimes and also by their ability to be very good DNA intercalating agents, accumulating
in the cell nucleus.®> Due to the interest of this family of fluorophores we have studied the excited-stated
dynamics of different 2-Methoxy-9-acridones.® Based in this structure we have recently reported how a
simple modification of the acridone skeleton allows the qualitative observation of the polarity of different
cell microenvironments without affecting their good luminescent properties, as stability in a wide range of
pH and long lifetimes.” We also observed this functionalization can affect to the distribution of the
compound inside the cell. In this sense we thought that the rational inclusion of lateral groups in an alkyl
chain joined to the nitrogen atom could result in the control of its subcellular localization.
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Figure 1. Working hypothesis: functionalization of acridones to promote their accumulation in different organelles.

Thus for example, mitochondria is a key organolle mainly responsible of intracellular respiration.® Although
its tracking is possible it is usually based on the highly negative mitochondrial transmembrane potential
developed during respiration caused by proton transport.® In this way, lipophilic cations
(triphenylphosphonium (TPP) and ammonium or pyridinium salts)! are allowed to act as mitochondria
targets. However, these required cationic structures can reduce membrane potential and thus these dyes
can easily leak out the organelle. Moreover, cellular toxicity of TPP derivatives is still a problem. On the
other hand, lysosomes are the main digestive compartments of cells and play a key role in protein
degradation and reparation of plasma membrane.!* They are characterized by an acidic pH and thus
functionalization of probes with basic centers has been the main strategy to lysosome targeting, resulting
again charged structures.!?



Taking into account all those precedents, a smart selection of functionalized acridone structures could yield
long-lived fluorescent organelle targets. Here we present the synthesis and intracellular visualization of
simple long-lived fluorescent dyes 1-4, targeting mainly to nucleus, mitochondria and lysosomes.
Moreover, we have tried to avoid the use of charged structures, which is beneficial from a synthetic point
of view and also to reduce the impact of the tracker in cell metabolism. Furthermore, it could be also
beneficial to selectively transport therapeutic drugs to the desired organelle, avoiding electrostatic
interactions and making easier the coupling between the dye and the tracker.
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Figure 2. Chemical structure of compounds 1-4

Known compound 1% was used as the starting material for model acridone 2 and rationally designed
acridones 3 and 4. They were prepared by simple and direct alkylation reactions using the corresponding
electrophiles (See Sl for more details). The use of non-charged species mitochondria targeting is practically
unknown. We hypothesized that a pendant group able to interact with ROS (Reactive Oxygen Species)
present in mitochondria could change its physicochemical characteristics allowing an accumulation inside
the organelle. That is the neutral carrier could be transformed by oxidation of a basic electron pair, with a
similar mechanism of action that the proposed by Reshetnikov with the oxidation of ferrocene to
ferrocenium cations.!® Therefore, organic compounds with basic electron pairs prone be oxidized in such
environment would be a potential solution for mitochondria targeting. A perfect candidate would be
pyridine, a very stable aromatic substrate presenting a basic pair suitable to be oxidized to yield well-known
pyridine oxides.'* Unfortunately, the basicity of such electron pair is high enough to interact with acidic
liposomes thus preventing the entry in the mitochondria. Therefore pyridine substituted acridone 3 is likely
to respond to acidic environment and therefore preferential lysosome localization is expected. Thiophene
is other stable aromatic ring with a well-known oxidation chemistry to thiophene oxides and dioxides by
interaction con ROS-type reagents.'®> We then chose compound 4 as a potential mitochondria tracker with
long lifetime. Compound 2 was selected as a control owing to the expected redox reaction cannot take
place and this aromatic ring presented excellent fluorescent properties in Tokyo Green derivatives.!® It is
worth noting that in this case the logP, being logarithm of the octanol-water partition coefficient,
calculated for the two compounds are similar (4, 3.67, 2, 4.39), being ion the expected range (between 0
and 5) for mitochondria localization according to the QSAR theory for organelle localization.'” Any
difference in behaviour should be assigned to the different chemical reactivity of both pendant groups.

The photophysical properties of compounds 1-4 were then evaluated in a pH range between 5 and 9, to
ensure the stability of acridone derivatives in the different organelles. All of them presented just one
emission peak at around 465 nm that remained almost invariant in acid, neutral and basic conditions. We
also measured the lifetimes with an excitation source of 440nm, obtaining again negligible differences with
the variation of pH. Thus, the analysis of the decay traces fitted to a biexponential function for all the
compounds. We also confirmed the presence of a long lifetime in the range of 17-18 ns characteristic of
the acridone skeleton. The short lifetime was around 0.8 ns for all the compounds. (see Table S1 in the SI).
Moreover, all the compounds presented very good fluorescence quantum yields, between 0.82 and 0.96
in PBS solution at pH= 7.3. After checking their stability and fluorescent properties we studied their
localization in breast cancer cells 143B. In general, a rapid incorporation of all the acridones inside cells
took place, as we could observe fluorescence immediately after the addition of the dyes. As expected, dual-
colour FLIM microscopy (see Table S2 for experimental details) showed that acridone 1 accumulated in the
nucleus and the cytoplasm of 143B cells. Noteworthy, compounds 2-4 showed a clearly different behaviour
(Figure 3B-D). To evaluate the accumulation of compounds 2 and 4 in mitochondria we used MitoTracker
Deep Red (MT), carrying out a two-channel detection of the dyes. In Figures 3B and 3D colocalization
images are shown in the left whereas the graphs in the right show the intensity traces of the dye (green)
and the MT (red), where the asterisks display the common points of both fluorophores. Although both
derivatives showed a certain degree of accumulation in mitochondria it is noteworthy that compound 4
exhibited a clearer colocalization, traced in red with MT (Figures 3B and 3D). To check the lysosome
targeting of pyridine derivative 3 we used commercially available LysoTracker Deep Red (LT) to mark this
organelle, obtaining in this case a good correspondence between the two markers (Figure 3C). Apart from
lysosomes, compound 3 was also observed in nucleolus. To check our initial hypothesis concerning that
the basicity of pyridine derivative makes this compound preferentially transported to lysosomes and not



to mitochondria we also incubated compound 3 with MT, obtaining in this case no colocalization profiles
(See Sl). Despite this good results, lysosome and mitchondria accumulation were not completely selective,
and all acridones were also observed in the endoplasmic reticulum. An important addition of the dual-
colour FLIM microscopy is that the fluorescence lifetime, 1, of the dyes is accessible, providing an extra
contrast in the image, and univocal identification of the dyes’ properties. Interestingly, the fluorescence
lifetime contrast in FLIM images (Figure 2A) showed the clear long t values for the acridone derivatives,
being in all the cases higher than 10 ns (average values inside living cells of 15.9 ns for 1,14.3 ns for 2, 15.9
ns for 3 and 14.3 ns for 4), agreeing with previously observed in in vitro measurements, whereas the MT
and LT exhibited their characteristic low lifetimes (< 2 ns). These long t values represent an important tool
for contrast filtering through an orthogonal piece of information, especially interesting for intracellular
sensing.®
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Figure 3. Representative dual-color FLIM image of compound 1 in 143B cells (A). Representative colocalisation images (left) and intensity
traces (right) for compounds 2 (B), 3 (C) and 4 (D)., after 20-min incubation with MT (B and D) or LT (C), in the dye’s detection channel (green)
and the MT or LT detection channel (red).

After checking their behaviour inside cells we decide to examine the accumulation of compounds 2 and 4
in mitochondria isolated from rat liver. The protocol carried out for the isolation of the mitochondria and
subsequent cycles with probes including incubation, solution, washing and centrifugation is explained in
the Sl. After this protocol we obtained three extracts whose fluorescence was compared to the one
obtained for the probes before being incubated with mitochondria. In Figure 4A we show the variation of
the fluorescence spectra of compound 4, where it can be seen that a notable decrease of emission was
obtained in the first supernatant, due to the accumulation of the probes inside mitochondria. Moreover,



almost no emission was observed in the final extracts, suggesting the probes were not released to the
media. These measurements allowed us to calculate an estimation of the percentage of accumulation of
both derivatives, being in both cases near 50% and again higher for the tiophene derivative, confirming the
results previously observed in FLIM measurements (Figure 4B).
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Figure 4. A) Evolution of the fluorescence spectra of compound 4 before and after subsequent incubations with mitochondria
isolated from rat liver. B) Estimation of the percentage of accumulation of compounds 2 and 4

In summary, we have demonstrated here the feasibility of noncharged, neutral carriers for targeting
mitochondria and lysosomes. In this sense, tiophene ring has been proved to be a good carrier to
mitochondria. In addition, the percentage of accumulation in this organelle isolated from Wistar rats liver
has been evaluated. It is worth noting that the absence of cationic structures is a clear advantage not only
in the synthetic steps but also considering that mitochondrial transmembrane potential could be kept
unaltered after dye addition. On the other hand, fluorescent derivative including a pyridine group, has
shown a good accumulation lysosomes. Moreover, we have also demonstrated that none of the targeting
groups affect to the lifetimes and fluorescent properties of the acridone. Finally, these compounds have
been proved to be non-toxic for 143B cells, which is also a key task when working in biomedical
applications. This easy and versatile strategy opens the door to the development of new fluorescent probes
with promising applications in organelle delivery of drugs.
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