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Neutral rhodol-based red emitters are shown to efficiently localize
in mitochondria, as demonstrated by confocal microscopy and co-
localization studies. A simple model is proposed to explain the
localization mechanism of neutral molecules. The model takes
into account the strong coupling between the molecular dipole
moment and the electric field of the inner mitochondrial membrane.

Mitochondria are organelles found in the cytoplasm of most
eukaryotic cells. Mitochondrial dysfunction has been shown to
have far-reaching consequences, being implicated as a major
contributing factor in the development of various diseases."
Monitoring mitochondrial morphology and dynamics via fluo-
rescent probes (trackers) can reveal valuable information on
cell functioning,”> allowing for the development of disease
treatment strategies based on understanding mitochondrial
dysfunction and its pathological implications at the molecular
level.?

The vast majority of commercially available mitochondria
trackers are positively charged,”® exploiting the electro-
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chemical potential difference Auy: generated across the mito-
chondrial inner membrane as a result of a proton gradient
established by the respiratory chain.” In contrast to cationic
trackers, there have been far fewer reports of neutral tracking
probes®®” despite several significant advantages neutral
trackers offer over charged ones; e.g., their accumulation in
mitochondria does not lead to membrane depolarization,**"?
allowing for the investigation of mitochondrial morphology in
a minimally perturbed environment. The efficiency of cationic
trackers is heavily dependent on the mitochondrial membrane
potential,>'® leading to an inability to label dysfunctional
mitochondria'® or mitochondria with membrane potentials
temporarily altered by normal biological processes.’®*® It has
been shown that common cationic trackers may stain orga-
nelles other than mitochondria, such as lysosomes, due to
their own membrane potential.">*° It is also known that the
mitochondrial inner membranes intrinsically possess low ion
permeability,”>*> requiring additional considerations in the
design of cationic trackers.

Generally, the physical mechanisms of the localization of
neutral molecules in mitochondria are not fully understood.
The lack of understanding of the physical processes underpin-
ning mitochondrial localization of neutral trackers from a fun-
damental point of view is detrimental to the formulation of
improved strategies for rational design of novel trackers, as
well as to the integrity of the interpretations of mitochondrial
tracking experiments.

In this paper, by performing confocal microscopy experi-
ments and co-localization studies with a commercial mito-
chondrial tracker, we demonstrate that the red-fluorescent
rhodol-based dyes FM and MOFM (Fig. 1) function as efficient
neutral mitochondral trackers. In addition, we propose a physi-
cal mechanism governing mitochondrial localization of
neutral polar molecules.

FM and MOFM were previously synthesized by some of us
as efficient red emitters.”® The two molecules share the same
sulfone-rhodol backbone, while the substituted upper ring
confers stability. Based on density functional theory (DFT)

This journal is © The Royal Society of Chemistry 2024
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(a) FM (b)

Fig. 1 Chemical structures and ground state geometries obtained by
DFT of (a) FM and (b) MOFM.

simulations (computational details reported in sect. S17), the
two aromatic groups are almost perpendicular to each other
(see Fig. 1 and Tables S2 and S37), suggesting negligible conju-
gation between the two units. Spectroscopic characterization
was already available,” and here it is extended to include
cell culture medium and PBS (Fig. S5; technical details in
sect. S21). The results show a marked positive solvatochro-
mism, suggesting that (i) both the ground and the first excited
states are polar, (ii) the permanent dipole moment of the first
excited state is larger than the ground state dipole moment,
and (iii) the low-energy transition has a charge transfer
character.

The excitation anisotropy of FM and MOFM in glycerol
(Fig. S61) has a constant value of 0.4 within the broad exci-
tation band, confirming that only one excited state is involved
in this transition and that the same excited state is responsible
for absorption and emission. To further investigate excited
states of FM and MOFM, we measured two-photon absorption
(2PA) spectra in DCM (Fig. S71). 2PA spectra of both com-
pounds overlap very well with one-photon absorption which is
a further confirmation of their dipolar nature.>* They exhibit
similar values of the 2PA cross section ¢ (ai-"ﬁ* =120 GM and
otmse s = 110 GM), showing that both molecules are suitable
candidates for two-photon microscopy experiments.

DFT and time-dependent density functional theory
(TDDFT) simulations in implicit solvents provide important
information on the orientation of dipole moments (Tables S2
and S37): the transition dipole moment from the ground state
S to the first excited state S; is oriented along the long axis of
the 3-ring moieties, while the ground-state dipole moment
forms an angle of approximately 30° with respect to it. TDDFT
results (Tables S4 and S5%) correctly reproduce the experi-
mental solvatochromism with a bright first transition (with a
HOMO-LUMO dominance; see molecular orbitals in Fig. S3
and S47), while S, — S, appears to be a dark transition with a
n — 7* character. Interestingly, the behaviour is different in
vacuum and S; and S, are reversed.

To assess the propensity of the compounds to selectively
localize in mitochondria, we conducted experiments on HeLa
cells stained with FM and MOFM. Measurements of cell viabi-
lity (Fig. S9t) after 24 hours of incubation show that the com-
pounds become toxic for the cells at concentrations above
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1 pM. In order to reduce the effect of toxicity in further experi-
ments, we performed measurements after incubating cells for
30 min using a concentration of 1.5 pM. Owing to the excellent
optical properties of both FM and MOFM in terms of fluo-
rescence quantum yield and molar extinction coefficient, the
effects of toxicity can be mitigated by keeping the concen-
tration at 1 pM or lower and adjusting the excitation power
and/or detector gains to maintain high quality images. Images
of HeLa cells stained with FM and MOFM (Fig. S101) confirm
the uptake of dyes, as is further evidenced by the red emission
from the incubated cells (Fig. S8t). The images of HeLa cells
incubated with FM and MOFM indicate that the dyes localize
in some organelles. Therefore, we investigated co-localization
of FM and MOFM with MitoTracker™ Green®® (MTG), a com-
mercially available dye (Fig. 2). The Pearson correlation co-
efficients (PCCs), calculated from the resulting images, are
PCCgym = 0.79 and PCCyorm = 0.89, showing that both com-
pounds selectively localize inside mitochondria, with MOFM
having a stronger localization tendency compared to FM. While
the PCC of MOFM is so high that we deem co-localization
experiments in other organelles unnecessary, for FM we inves-
tigated possible localization in lysosomes by performing a co-
localization experiment of FM and Lysotracker Green
(Fig. S11%): the resulting PCC is 0.6, confirming a low degree
localization within these organelles.

While for cationic trackers the physical localization mecha-
nism is well understood, reports of neutral mitochondrial
trackers often remain unclear or silent on their localization
mechanism (sect. S5 and S671). Here we propose a mechanism
based on the electrostatic interaction between a neutral polar
molecule and the inner mitochondrial membrane. A discus-
sion of further reasonable mitochondrial localization mecha-
nisms for neutral molecules is given in sect. S6;1 however, we
determined that they do not apply to the dyes presented in
this work.

(a) FM

-

(b) MOFM

Fig. 2 Co-localization of (a) FM and (b) MOFM with MTG in Hela cells.
The left panels show images of MTG, the middle panels show images of
FM and MOFM respectively, with the merged images being shown on
the right panels. Scale bar: 40 pm.
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The interior of the inner mitochondrial membrane can be
modeled as a phospholipid bilayer of palmitoyl-oleyl-phospha-
tidylcholine (POPC), while the intermembrane space and the
mitochondrial matrix are considered aqueous solutions.>®™®
The total electrostatic potential of a one-dimensional inner
mitochondrial membrane is then given by:

(D(x, AY/NP) = (Dp(x, A,{INP) + @W(x, A,PNP) (1)

where @p is the electrostatic potential generated by the POPC
bilayer, @y is generated by water and A%y is the voltage drop
across the membrane induced by a homogeneous electric
field, stemming from the proton gradient established during
the Krebs cycle. To fit a functional form of @, we utilize results
from molecular dynamics (MD) simulations of the water-POPC
bilayer system.>® We set the origin (x = 0) to be at the center of
the POPC bilayer, with the intermembrane space being located
in the —x direction from the phospholipid bilayer (i.e. x - —o0)
and the mitochondrial matrix being located in the +x direction
(x > +o0). The obtained fitted curves are shown on Fig. S12,}
with the explicit functional forms and the fitted parameters
given in sect. S7.7

As can be seen from Fig. S13,7 the calculated electric field
across the membrane indeed exhibits significant variation on
the length scale of FM and MOFM (~10 A), allowing for a net
electrostatic force on the polar molecules. We consider a
model in which we represent a molecule as a collection of N
rigidly connected particles with respective masses m; and
partial charges g;. The equations of motion for these particles
in a spatially varying one-dimensional electric field E(x) =
E(x)x are:

mi¥; = q:E(x;) (2)

where x; is the x-component of the position of particle i.
Introducing a coordinate for the center of mass of the mole-
cule as X, we can sum the equations of motion (2) to obtain:

MX = EN: GEX + 1) (3)

where M is the mass of the molecule and /; = x; — X. Therefore,
the net force experienced by the polar molecule is

F(X) = 30 giB(X + 1.

In a stationary state, the molecule will be oriented in such a
way that the dipole moment j is aligned with E(x). Let us fix
{l;...Ix}, so that the dipole moment is parallel to the x-axis, i.e.
Ji = ux. Then, the respective electrostatic potential energies
Ey*(x) for the two configurations with the dipole moment
being (anti)parallel to the x-axis are simply:

Epi(x) =— Jiw F(x' + [;)dx' = iq@(x + L) (4)

Note that x in eqn (4) denotes the position of the molecular
center of mass. To obtain the ionic point charges g;, we calcu-
late Mulliken charges from the ground state electronic density
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obtained by DFT optimizations of FM and MOFM in vacuum
and water. We test different environments as it is not trivial to
determine which is the most representative environment of
the relevant realistic physical system.?® It is known that the
center of the inner mitochondrial membrane is non-polar,
with the value of the relative permittivity being ¢ ~ 2, while
the relative permittivity of the aqueous solutions representing
the intermembrane space and the mitochondrial matrix is
e 80.28'30’31

From Table 1, we can see that the dipole moments calcu-
lated using Mulliken charges agree well with the dipole
moments calculated directly from the electronic density
obtained using DFT. Furthermore, we note that both mole-
cules have large dipole moments and are highly polarizable.
The large dipole moment is a result of donor and acceptor
groups connected at the two ends of the conjugated molecular
unit, similarly to push-pull molecules.

The electrostatic potential energies calculated as per eqn
(4), using Mulliken charges obtained in different solvents and
using A¥yp = —0.15 V, are shown on Fig. 3, with the binding
energies E," (minimal values of E,*(x)) being listed in Table 1.
We find that two binding sites at x ~ = 16 A exist for both FM
and MOFM. These positions are found within the phospholi-
pid bilayer, as the lipid heads are located at x ~ + 20 A.?° Both
binding sites are stable with respect to molecular rotations
(Fig. S14%). From Table 1, we observe that the binding energy
of the site near the mitochondrial matrix (E,") is consistently
lower than the one of the site near the intermembrane space
(Ep ). This asymmetry in the binding energies between the two
sites stems from the polarization of the POPC and water sub-
systems due to A¥yp. Notably, we find that all calculated
binding energies for MOFM are lower than the corresponding
ones for FM, consistent with the experimental observation that
MOFM has a larger tendency to localize in mitochondria com-
pared to FM. Because of the difficulty in determining the most
appropriate ionic charges (see discussion above), we consider
the binding energies calculated using Mulliken charges
obtained in vacuum (water) to represent the upper (lower)
bound of the real electrostatic binding energy; however, we
note that, due to the large solvatochromism of the considered
molecules, the similarity in the measured emission spectra of
MOFM in PBS (¢ =~ 79) and cells (Fig. S81) indicates that the
relevant physical environment could be best approximated by
water.

Table 1 Ground state dipole moments (in Debye) of FM and MOFM in
different solvents, calculated using the electronic density obtained with
DFT (4,) and Mulliken charges (um); electrostatic binding energies (in
meV), calculated using Mulliken charges obtained in different solvents
for dipole moments parallel (E,*) and antiparallel (E,”) to the x-axis

Molecule Solvent Hp U Eyp' E,”

FM Vacuum 12.346 13.253 —-347 —-326
Water 22.918 23.084 —-598 -561

MOFM Vacuum 12.638 13.716 —-353 -332
Water 23.211 23.492 —-606 -570

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Electrostatic potential energy across the inner mitochondrial membrane as a function of the position of the molecular center of mass, calcu-
lated using Mulliken charges in different solvents (vacuum and water) for dipole moments parallel (left panel) and antiparallel (right panel) to the
x-axis. The binding sites (see text) are shown magnified in the insets. The region containing predominantly water (POPC) is highlighted by the light
blue (orange) background. The voltage drop across the membrane was set to A¥yp = —0.15 V.

To calculate the total binding energy, it is necessary to
account for all molecule-membrane interactions other than
the electrostatic one (e.g. hydrophobic, van der Waals, steric
and specific chemical interactions). This is difficult to achieve
without the use of more complex methods, ie., a detailed
study of molecular permeation through the inner mitochon-
drial membrane. We elect to leave this task to a future investi-
gation and instead offer a qualitative assessment of the afore-
mentioned factors. Using a simple lipophilicity model,**> we
obtain log P = 3 for both FM and MOFM, meaning that both
molecules are significantly hydrophobic. This further
enhances localization to the POPC bilayer.>”*® Steric and other
factors have been shown to be of secondary importance in
modeling hydrophobic ion interactions with membranes*® and
are unlikely to hinder localization within the POPC bilayer,
especially considering the large electrostatic binding energy,
high lipophilicity and the comparatively small size of FM and
MOFM with respect to some of the larger lipophilic mitochon-
dria trackers.*™®

Finally, we estimated the ratio of the concentrations of FM
and MOFM localized in mitochondria. Due to the structural
similarity of the considered molecules, we assume that the
total binding energies of the two molecules significantly differ
only in the electrostatic contribution. We can then use the fol-
lowing expression to approximate the ratio of concentrations
of localized molecules:

eiﬂEl:FM + e_ﬁ bEM

r= e’ﬂE;MOFM + eiﬂEl;.MOFM (5)
where we calculate the thermodynamic f parameter using a
temperature of 36 °C. The values of y, calculated using
Mulliken charges obtained in vacuum and water are respect-
ively 0.78 and 0.73, comparable to the ratio of the measured
Pearson correlation coefficients (PCCpp/PCCporm ~ 0.89),

which can also be interpreted as an approximation to the ratio

This journal is © The Royal Society of Chemistry 2024

of concentrations of localized molecules, showing that our
model is quantitatively sound.

To further deepen our investigation, a computational inves-
tigation of a more specific localization scenario was attempted
(sect. S8%). In general, the possibility that these dyes, once in
the inner mitochondrial space, interact with specific sites (pro-
teins) may deserve further investigations.

In this work, we reported on new red emitter neutral mito-
chondrial trackers constituted by substituted rhodol-based
structures. Both FM and MOFM show specific mitochondrial
localization, co-localizing with MTG to a very high degree,
comparable to both cationic®*** and neutral'* novel mitochon-
drial trackers. Moreover, FM and MOFM are red emitters that
exhibit high fluorescence quantum yields and large extinction
coefficients. This makes them suitable for use as fluorescent
probes in bio-imaging at very low concentrations.*

Our combined experimental and computational study
made it possible to suggest that the electrostatic interaction
between molecular dipole moment and the electric field
present at the inner mitochondrial membrane is responsible
for the selective localization mechanism. By providing a
straightforward and physically transparent model for the local-
ization mechanism, we have made a significant step forward
towards rational design of novel neutral mitochondrial track-
ers and understanding their localization in mitochondria.
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