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ABSTRACT: Triphenylphosphonium (TPP*) species comprising
multiple charges, ie., bis-TPP*, are predicted to be superior
mitochondrial-targeting vectors and are expected to have mitochon-
drial accumulations 1000-fold greater than TPP*, the current “gold
standard”. However, bis-TPP* vectors linked by short hydrocarbon
chains (n < S) are unable to be taken up by the mitochondria, thus
hindering their development as mitochondrial delivery vectors.
Through the incorporation of methylated TPP* moieties (T*PP*),

we successfully enabled the accumulation of bis-TPP* with a short m\ L/

linker chain in isolated mitochondria, as measured by high /\ATM ﬁ

performance liquid chromatography. These experimental results v’l\\\

are further supported by molecular dynamics and ab initio

calculations, revealing the strong correlations between mitochondria

uptake and molecular volume, surface area, and chemical hardness. Most notably, the molecular volume has been shown to be a
strong predictor of accumulation for both mono- and bis-TPP” salts. Our study underscores the potential of T*PP* moieties as
alternative mitochondrial vectors to overcome low permeation into the mitochondria.
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Increasing mitochondrial accumulation

Bl INTRODUCTION

Mitochondria organelle are well-known for their pivotal role in

The uptake of TPP* by the mitochondrion is modeled by
the Nernst equation,'”*’ which predicts the equilibrium
concentration of bis-TPP" to be 1000-fold greater than

aerobic respiration' and other essential cellular functions, such
mono-TPP* (—180 mV), thus suggesting enhanced mitochon-

as cell signaling”® and apoptosis.® Furthermore, aberrant

drial targeting properties.21 In addition, although mono-TPP*

mitochondria has been linked to many neurodegenerative and
cardiovascular diseases such as Alzheimer’s disease, athero-
sclerosis, amyotrophic lateral sclerosis (ALS), and cancer.”””
Hence, as mitochondria is increasingly recognized to play a
critical role in human disease, it is vital to develop more
efficient vectors that selectively target mitochondria.
Typically, mitochondrial targeting vectors are positively
charged species that selectively accumulate within the organelle
due to the large negative membrane potential across the inner
mitochondrial membrane (Ay = —150—180 mV).* Common
examples include rhodamines, cyanines, mitochondrion-target-
ing peptides, and triphenylphosphonium (TPP*) salts.'’~"*
The most extensively studied, “gold standard” vector, TPP®,
boasts ease of synthesis, stability in biological systems, and
facile conjugation to molecular cargo, and has been used to
successfully deliver a wide range of molecular cargo into

. . 14—1
mitochondria. o
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.. 22,23
can show selectivity between cancer and noncancer cells,”™

bis-TPP* species are more sensitive to small changes in
membrane potentials, which may confer enhanced selectivity.”*
For instance, cancerous cells display higher IAyl (ca. 60 mV)
than normal cells, which corresponds to a 10-fold increase in
selectivity (relative to mono-TPP*) according to the Nernst
. 2526 . .
equation. However, an increased cationic charge elevates
the kinetic barrier for the transport of bis-TPP* across
27,28

phospholipid bilayers, a principle corroborated by the
work by Murphy et al, who demonstrated that incorporation
of methylene bridges comprising less than five carbon atoms
resulted in the unsuccessful mitochondrial uptake of bis-TPP*

(Figure 1).21

Received: December 14, 2018

DOI: 10.1021/acs.inorgchem.8b03380
Inorg. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.8b03380
http://dx.doi.org/10.1021/acs.inorgchem.8b03380

Inorganic Chemistry

a) b)
Ph Ph Pho PR
Ph-P Pu-Ph Ph-1P. Pu+Ph
N N
Ph(+\M/+ Ph pHY+ O R VP
n

n =2 and 4 (no mitochondrial accumulation)
n =5, 6, 10 (mitochondrial accumulation)

R="Cl s s

R R
R IID I R= é é/é\
ol K
,+V\/T\R
R R
n=3 1 2 3

This work

Figure 1. Previously reported bis-TPP* cations: (top) Murphy et al”!
and (bottom) Lisanti et al.*®

In light of the apparent inability of bis-TPP* salts linked by
short methylene linkers (n < S) to accumulate, we set out to
study the effect of T*PP* moieties”™ on the mitochondrial
uptake of short-chained bis-TPP* dicationic species. In stark
contrast with their previously reported TPP counterparts, we
report the successful accumulation of dicationic bis-T*PP*
species containing short linker chains. This work demonstrates
that the use of T*PP" moieties allows for the rational fine-
tuning of steric and electronic parameters toward their
accumulation in mitochondria and represents a straightforward
strategy to readily enhance mitochondrial uptake of dicationic
species.

B RESULTS AND DISCUSSION

Synthesis and Structure of Compounds 1-3. In our
study, we based the initial choice of phosphine starting
materials on previously reported work, where T*PP*
mitochondrial delivery vectors comprising p-tolyl or 3,5-
dimethylphenyl trisubstituted phosphonium moieties signifi-
cantly increase the accumulation of both the T*PP* cations
and their conjugated cargo into the mitochondria organelle.”
Dications 1—3 were obtained in quantitative spectroscopic
yield upon reacting the respective phosphines with 1,3-
dibromopropane in acetonitrile under reflux (Scheme 1).

Scheme 1. Synthesis of Bis-TPP* and Bis-T*PP" salts 1-3
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In agreement with previous observations for monocationic
T*PP* species,” attempts to obtain dicationic species with
more heavily substituted phosphines, such as trimesitylphos-
phine, were unsuccessful. Compounds 1—3 were purified by

crystallization in a mixture of acetonitrile and diethyl ether
(isolated crystalline product yields between 65 and 70%).

Nuclear magnetic resonance (NMR) spectroscopic analysis
reveals the successful formation of the phosphonium salts, as
shown by the characteristic downfield shifts relative to the free
phosphine in the *P{'H} NMR spectra (—5.4, —7.9, —5.8
ppm”*! vs 25.2, 24.0, and 24.6 ppm for 1—3 respectively),
consistent with the chemical shifts reported in the
literature.””*” The *C{'H} NMR spectra confirms the
successful linkage of two phosphonium moieties on the same
molecule, as seen from the ABX splitting patterns observed
(Corthor Cinetw and P—Cyyy) as a result of second-order spin
coupling.

The single-crystal structural data show that the P—C,, bond
lengths ranges from 1.789—1.802 A, 1.785-1.801 A, and
1.790—1.806 A, while the P—C, ranges from 1.796—1.801 A,
1.792—1.793 A and 1.789—1.804 A for compounds 1, 2, and 3
respectively. This is highly consistent with the bond lengths
expected of alkyltriarylphosphonium P—C bonds at 1.796
(£0.017) A for P—C,, and 1.798 (£0.031) A for P—Cyy,.*
The bond angles for C—P—C bonds for all three compounds
ranges from 105.10 to 113.56°, which is consistent with a
tetrahedral geometry expected of phosphonium moieties.”

Partition Coefficient and Mitochondrial Uptake of
Compounds 1-3. The octanol—water partition coefficients
(P) for compounds 1—3 (ie., ratio of the concentration of
dication in 1-octanol to the concentration of dication in water)
were determined to establish their relative lipophilicities
(Table 1), which has been shown to influence membrane
permeability.”* The observed trend indicates that the bis-
T*PP* dication 3, containing dimethyl substituted phenyl
rings, has the greatest lipophilicity, followed by methyl
substituted dication 2 and last compound 1, which comprises
TPP* moieties (Table 1 and Figure 3).

In order to evaluate if the hydrophobic variation observed
for 1-3 is translated to differences in half-maximal inhibitory
concentrations (ICs,), their 72-h ICs, values in HeLa cells
were determined. It was observed that with an increasing
degree of methylation, the ICs, decreased from 180 yM to 21
UM and 6 uM for 1 to 3, respectively, suggesting increasing
mitochondrial accumulation with increasing degree of
substitution—consistent with their monocationic counter-
parts.”” Moreover, a reduction in ICg, values for mono- and
dicationic TPP" species has been recently linked to reduced
ATP levels (i.e., suggestive of increased mitochondrial
accumulation) in studies proposing the use of TPP* and bis-
TPP* cations as a novel strategy toward the selective
eradication of cancer stem cells (CSCs).*

To rule out any differences in intrinsic toxicity between the
dications 1-3—and to further corroborate if the variation in
IC, values was caused by enhanced mitochondrial uptake—
the accumulation in isolated mitochondria (C,) was
established (see Supporting Information).

The trend of C, values obtained shows a significant
improvement in the rate of uptake with increasing methylation,

Table 1. Summary of Experimental and Computational Results for Compounds 1, 2, and 3

compound log P 1Cso/uM C,,/mmol g volume/A3
2 —0.12 + 0.03 213 £ 1.6 52+ 04 1862.7 + 1.5
1 —1.62 + 0.13 181.3 £ 7.6 0.0 15709 + 1.1
3 0.70 + 0.08 5.6 +03 203 + 1.2 2120.0 + 1.6

SASA/A? AG, o™ /keal mol” AAGaqﬁoctVdW /kcal mol™!  n/eV

1014.5 £ 1.0 0.16 + 0.04 —5.56 + 0.30 3.65
860.3 + 0.8 221 + 018 0.00 + 0.35 3.79
11089 + 1.0 —-0.95 + 0.11 —7.94 + 045 3.52
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Figure 2. Selected bond lengths (A) and angles (deg) of compound 1 C21—P1 1.800(6) C22—P1 1.798(6) C21-P1-C22 110.8(3) C22—-P1—
C28 108.9(3); Compound 2 C22—P1 1.789(10) C1-P1 1.799(10) C1-P1-C22 110.9(S) C1-P1-C8 107.0(4); Compound 3 C25—P1
1.793(4) C1-P1 1.800(8) C1-P1—C25 113.6(5) C1—P1—C9 105.2(7). Thermal ellipsoids are shown at the 50% probability level. Hydrogen

atoms and bromide anions have been omitted for clarity.
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Figure 3. Experimental results obtained for log P, ICs, and C,,,. Error

bars (+) refer to the standard deviation (SD).

from negligible uptake of 1 to 5.2 mmol g~' and 20.3 mmol g™
in 2 and 3, respectively. The negligible accumulation of
compound 1 is in agreement with reports by Murphy et al.
(vide supra).”’ The experimental trend suggests that the
increased ICy, values is not due to the intrinsic cytotoxicity of
the compounds but is rather due to its enhanced accumulation
within the HeLa cells.

Furthermore, the supernatant concentration of compound
3—the most accumulating compound presented in our
study—was measured using HPLC after treatment of the
mitochondria with carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone (FCCP), to abolish the membrane potential
across the mitochondrial membrane, resulting in the efflux of
compound 3 (see Supporting Information). This indicates that
3 does not accumulate in the mitochondria when Ay is
abolished, and the accumulation of 3 is thus driven by the
presence of the membrane potential.

B THEORETICAL STUDIES

To better understand the mechanism underlying the observed
increase in mitochondrial uptake, we considered the
corresponding membrane transport kinetics. The kinetic
barrier for the permeation of small charged molecules across
a phospholipid membrane in an aqueous environment can be
approximated by the free energy of transport from the aqueous
phase into the center of the lipid membran,® and is hence
closely linked to lipophilicity.”" This barrier mainly comprises
the Born and hydrophobic (or neutral) free energies,””’
which can be treated as two independent components.”*>*
The Born free energy, Wy = 339(Z%/r), the most significant
electronic component of this kinetic barrier, is directly
proportional to the square of the ionic charge (Z), and
inversely proportional to the ionic radius (r) for a spherical
ion, whereas the hydrophobic free energy was empirically

found to be proportional to the accessible surface area of the
cation (r2).”%%’

Although the ionic radius is commonly used to calculate the
Born and hydrophobic free energy, compounds 1—3 are far
from spherical. Hence, using an average radius to calculate the
kinetic barrier of transport for a nonspherical ion might render
the results obtained inaccurate. Moreover, previous reports of
substituted TPP" moieties as mitochondrial delivery agents
were mostly limited to biological activity quantification, while
the ones describing structural correlation with accumulation
did not consider nonspherical effects.*>*"~**

Solvent Accessible Surface Area (SASA) and Molec-
ular Volume (V). For this purpose, molecular dynamics (MD)
calculations were carried out (see Supporting Information) to
determine the impact of methylation on the volume (V) and
solvent accessible surface area (SASA) as an alternative
parameter to molecular radius. MD simulations revealed that
as the number of methyl groups increases, a larger (hydro-
phobic) volume (and SASA) is accessible to the solvent
decreasing the polar interactions with the molecules of water,
resulting in an increasingly poorer cation solvation. On the
other hand, the larger nonpolar volume enhances the level of
nonpolar interactions leading to a favorable partition into the
organic solvent (i.e., more negative AG,q_,o), as seen from the
strong linear correlation (* = 0.986 and 0.999) for V and
SASA, respectively (See Figure 4).

While the relationship between mitochondrial accumulation
and nonpolar molecular SASA has been experimentally
established in T*PP* compounds,29 and is also reflected in
the case of bis-T*PP" molecules, the strong correlation
observed between molecular volume (whose surrogates are
surface and radius) and mitochondrial accumulation has never
been described. Furthermore, the importance of molecular
volume as a meaningful parameter to predict mitochondrial
accumulation for multiply charged TPP" species will be
discussed further in the text (vide infra).

Neutral and Electrostatic Components for the Free
Energy of Transfer. Thermodynamic integration (TI)
calculations were used to quantify the nonpolar component
(i.e., vdW) of the relative free energy of transfer of compounds
1-3 from water to l-octanol (AAG,..'"") taking com-
pound 1 as the reference (Table 1). Similar to previous reports
on monocationic species, initial TI results showed that the
electrostatic component (i.e., Born component) of compounds
1—3 showed negligible variation (see Supporting Information
for details).”” Thus, the results presented were obtained by
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Figure 4. Correlation graphs between (a) AG,q 0™ and

AAGaq_,oct"dW against log P (b) ICs, and C,, against hardness, (c)
volume and SASA against log P, (d) log P and volume against
hardness. Error bars (+) refers to the standard deviation (SD).

considering only the nonelectrostatic components. The results
show a strong negative correlation between AAGaq_)()ct"dw and
the mitochondrial uptake, with decreasing free energy of
transport from compounds 1 to 3 (0.00, —5.56, and —7.94 kcal
mol™, respectively).

The thermodynamic integration calculations trends were
consistent with the AG, . calculated from log P (AG =
—2.303 RT log P) (Figure 4 and Table 1). The calculated
decrease in kinetic barrier to permeate the membrane can be
attributed to the increased number of nonpolar substituents
present on bis-T*PP* species (i.e., 2 and 3) as compared to
bis-TPP*. This increased affinity of the bis-T*PP* for the
hydrophobic phase lowers the permeation energy barrier
resulting in greater mitochondrial uptake, which is in
agreement with our experimentally observed C,_ and ICs,
values. Taken together, these findings suggest that the use of
T*PP* moieties—with varying levels of substitution—is a
highly effective approach to improving the effectiveness of bis-
TPP* species as mitochondrial vectors.

Electrostatic Potential and Chemical Hardness for
Compounds 1-3 and Previously Reported Dications.
To examine the changes in the electronic interactions due to
methylation, density functional theory (DFT) calculations
(B3LYP/6-31+G(d)) were performed, determining the elec-
trostatic potential (ESP) maps and chemical hardness of 1-3.
Electrostatic potential maps depict the local electron density
distribution, serving as a measure of the available polar surface
area for polar interactions,'* and it has been observed from
works of Murphy”' and Hartley'* that a reduction in the
electrostatic potential in cationic species can be correlated with
an increase in membrane permeation.

The chemical hardness serves as an indicator of electron
cloud polarizability, and the strength of hydrophobic
interactions,” and was obtained for 1—3 from the vertical
ionization potentials (IP) and electron affinities (EA),
calculated at the B3LYP/6-311+G(2dfp) level, with the
following expression: 77 = (IP-EA)/2 (see Table 2). We herein
utilize these parameters as intrinsic molecular descriptors to
correlate and further our basic understanding of the electronic

Table 2. Vertical Ionization Energy (IP), Electron Affinity
(EA), and Hardness Values for the Three Bis-TPP* Cations
in This Work (Cations 1, 2, and 3) and for the Previously
Reported Bis-TPP+ Cations by Murphy et al. (PC2P, PC4P,
PCSP, PC6P, and PC10P)“

cation IP/eV EA/eV hardness/eV
PC2P 13.45 5.85 3.80
1 13.20 5.63 3.79
PC4P 12.98 5.40 3.79
PCsP 12.81 5.24 3.78
PC6P 12.64 S.11 3.76
2 12.58 5.29 3.65
PC10P 12.15 4.78 3.69
3 12.25 5.20 3.52

“For the bis-TPP* cations proposed by Murphy et al., we have used
the same nomenclature as in the original work. Compounds are
ordered in increasing molecular weight.

properties of 1—3 in relation to their mitochondrial uptake
trends.

The ESP maps (see Figure S) revealed that the electron
density located in the volume between the two P* atoms
increases with increased substitution. The presence of electron-
donating methyl groups increasingly promotes the dissipation
of the positive charge across the molecule from 1 to 3 and
renders the methylated compounds more lipophilic in nature.
This agrees with the calculated chemical hardness values,
which decrease from 3.79, 3.65, to 3.52 eV in 1-3,
respectively. Chemical hardness is negatively correlated with
the mitochondrial uptake, indicating that softening the
phosphonium cation improves the membrane permeability—
and hence the mitochondrial accumulation.

The same phenomenon could also be observed from bis-
TPP* previously investigated by Murphy and co-workers.”’
Further calculations revealed that the increase of the alkyl
chain length was also accompanied by a decrease in chemical
hardness (see Table 2) and lipophilicity.”* Furthermore, it can
be observed from the calculated value for all eight dications
that the chemical hardness decreased with increasing molecular
weight. However, dication 2 displays a lower chemical
hardness than PC,,P, which comprises one additional carbon
atom—suggesting methyl substitution as a more effective
approach to dissipating the positive charge on this species than
the commonly used chain extension approach.

These results therefore suggest that lipophilicity may be
tunable and improved from structural modifications targeted to
reducing charge density as well as the HOMO—-LUMO gap for
T*PP" compounds.

Unifying Mono-T*PP* and Bis-T*PP* Accumulation:
Volume Per Charge Unit (Vpc). Comparison between the
previously reported mono-T*PP™*’ and bis-T*PP* 1-3
species revealed that the correlation between accumulation of
TPP* salts and lipophilicity was not satisfactory. Although the
trends between accumulation and lipophilicity are internally
consistent within each type of TPP* salts (mono- or bis-
T*PP*), the linear correlation cannot be generalized to both
(Figure 6a). To bridge the gap between the differing
accumulations in mono and bis-T*PP*, we investigated the
new structural parameters described above (V/SASA/7) and
their correlation with C,. As 5 correlates well with logP
(Figure 4d), two separate trendlines (similar to the correlation
with logP) were observed. Thus, a satisfactory correlation
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Figure S. ESP maps (B3LYP/6-31G(d)) for compounds 1, 2, and 3. Regions with high electron density (less positive electrostatic potential) are
colored red, and regions with low electron density (more positive electrostatic potentials) are colored blue. Yellow and green correspond to
intermediate electrostatic potentials. The same color scale was used: from 0.115 (red) to 0.238 au (dark blue). An isodensity value of 0.0020 e a,™>
was used to define the outer surface of the molecules on which the ESP was calculated.
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Figure 6. Correlations plots between (a) C,, against logP and (b) C,
against volume/charge for mono- and bis-T*PP*. Error bars
correspond to the SD. Mono- and bis-T*PP* are colored blue and
green, respectively.

between mono- and bis-T*PP* was not possible (see
Supporting Information, Figure S4).

Notably, the molecular volume, on the other hand, upon
normalization with respect to charge (V/Z)—volume per
charge (Vpc)—provided a generalizable linear correlation
(Figure 6b). Although the volume and SASA follows the
same general trend, we focused on volume due to the slightly
higher r* values. The experimentally obtained equation—V}c =
8.06*%C,, + 852—underscores a strong relationship between
the mitochondrial accumulation of T*PP* species and their
Vpc. Furthermore, the data obtained suggests the existence of a
minimum Vpe (Vpc™") threshold of 852 A® required for the
effective permeation of T*PP" species into mitochondria
organelle.

To further assess the validity of the obtained equation, the
volume and SASA of compounds studied by Murphy et al. (i.e.,
PC,P, PC,P, PC,P, PC,P, PC,,P) were calculated and
compared with the values obtained for compounds 1—3 (see
Table 3). From the experimentally obtained equation, the
minimum permeation volume (V,c™") required for a bis-TPP*
is calculated to be 1704 A%. Thus, it is predicted that PC,P (V
=1650.9 A*) would not accumulate in the mitochondria, while
PC,P (V = 1708.4 A®) would be able to do so. This is
consistent with their previously reported experimental
results,”’ demonstrating that the herein reported methodology
is robust. However, it should be noted that this relationship
may not hold if the molecular structure varies significantly
from that of TPP* salts presented in this work. Overall, these
findings suggest that the volume parameter could be useful for
the prediction of mitochondrial accumulation, especially for
multivalent TPP* compounds.

Table 3. Solvent Accessible Surface Area (SASA) and
Volume (V) Computational Results for Compounds 1-3
and the Previously Reported Bis-TPP* Cations by Murphy
et al. (PC,P, PC,P, PC;P, PC(P, and PC,,P) in water”

cation SASA/A? V/A3 mitochondrial accumulation
PC,P 855.0 + 0.8 15342 + 1.1 NO
1 860.3 + 0.8 15709 + 1.1 NO
PC,P 932.6 + 1.1 16509 + 1.2 NO
PCP 968.4 + 1.0 17084 + 1.2 YES
PC,P 985.0 + 1.3 17509 + 1.5 YES
2 1014.5 + 1.0 1862.7 + 1.5 YES
PC,P 11100 + 1.3 19643 + 1.6 YES
3 11089 + 1.0 2120.0 + 1.0 YES

“For the bis-TPP* cations proposed by Murphy et al., we have used
the same nomenclature as in the original work.

Quantitative Structure—Activity Relationship (QSAR)
Models. In order to confirm that the mitochondrial uptake is
consistent with the current QSAR models, we considered the
model developed by Horobin et al, "™ which relates
physiochemical parameters of compounds to the intracellular
localization. These parameters are used to determine the
subcellular localization of compounds and thus can be used to
predict whether the compounds will be mitochondria-
targeting. For mitochondrial localization, the model considers
the following parameters: amphiphilic index (AI), conjugated
bond number (CBN), log P, pK,, and electric charge (Z). For
compounds 1—3, the pK, and Al are not considered due to a
lack of acidic protons and amphiphilicity. As such, for selective
mitochondria accumulation, the relevant criteria for com-
pounds 1—3 to satisfy are CBN < 40, 5 > logP > 0, Z > 0.

From the structures of compounds 1-3, the key
determining factor for mitochondria targeting lies with the
logP value. All three compounds have an identical CBN and Z
value, and they satisfy the criteria for CBN and Z as previously
described (CBN = 18, Z = 2). For the lipophilicity, compound
1 falls far below the logP requirement with a logP of —1.62,
resulting in negligible mitochondrial accumulation, as
predicted by the QSAR model. Compound 3, on the other
hand, had a logP of 0.70, which fell within the range of 0 <
logP < 5, which resulted in a high mitochondrial accumulation.
Compound 2 had a logP of —0.12, which was slightly lower
than the lower limit, resulting in a poor mitochondrial uptake,
as reflected by its C,, value. The uptake observed for the
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compounds studied thus conforms well and is consistent with
current QSAR models.

This model shows that bis-TPP* linked by short chains do
possess the necessary characteristics for mitochondrial
accumulation. However, these systems can be limited by the
lipophilicity, as corroborated by both the QSAR model, as well
as the C_, values for compounds 1—3. This further supports the
strategy of phenyl methylation, as it can be used to overcome
this logP limitation by boosting the logP into the optimal
range, thus enabling more efficient accumulation within the
mitochondria.

B CONCLUSIONS

In summary, we report the use of T*PP* moieties to address
the inability of TPP* dications comprising short chain linkers
to be taken up by the mitochondria organelle. The
incorporation of nonpolar methyl groups increases the volume
and SASA of the resulting bis-T*PP" salts—while dispersing
their high charge density and decreasing their chemical
hardness—which in turn enhances their lipophilicity and
mitochondrial accumulation. Furthermore, ESP maps and
chemical hardness calculations could serve as useful tools to
predict the efficacy of TPP* mitochondrial vectors in silico.
These results demonstrate that substituents on the phenyl
rings increase the volume and that mitochondrial accumulation
can be readily enhanced by fine-tuning these properties
through structural modifications. In particular, molecular
volume has been shown to be a key parameter for the
prediction of compounds incorporating multiple TPP*
moieties. From our observations across various mono- and
bis-TPP*, we propose the minimum permeation volume per
charge (Vpc™"), which can be used as a new structural
parameter for the prediction of mitochondrial accumulation for
TPP* molecules.

Our work not only highlights the use of readily tunable
molecular descriptors as key parameters to design future TPP*
mitochondrial delivery vectors with enhanced properties,
thereby enhancing bioavailability of TPP*-conjugated drugs,
but also illustrates the need for a broader family of T*PP*
species for future enhanced mitochondrial therapies.
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