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Abstract

In this study, two types of the fluoroamphiphile analogs were synthesized and self-assembled into
the “core—shell” micellar nanocarriers for intracellular delivery and organelle targeting. Using the
fluorescent dyes or vitamin E succinate as the cargo, the drug delivery and targeting capabilities
of the fluoroamphiphiles and their micelles were evaluated in the cell lines, tumor cell spheroids,
and tumor-bearing mice. The “core-fluorinated” micelles exhibited favorable physicochemical
properties and improved the cellular uptake of the cargo by around 20 times compared

to their “shell-fluorinated” counterparts. The results also indicated that the core-fluorinated
micelles underwent an efficient clathrin-mediated endocytosis and a rapid endosomal escape
thereafter. Interestingly, the internalized fluoroamphiphile micelles preferentially accumulated in
mitochondria, by which the efficacy of the loaded vitamin E succinate was boosted both /n
vitroand /n vivo. Unlike the popularly used cationic mitochondrial targeting ligands, as a charge-
neutral nanocarrier, the fluoroamphiphiles’ mitochondrial targeting was potential independent. The
mechanism study suggested that the strong binding affinity with the phospholipids, particularly
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the cardiolipin, played an important role in the fluoroamphiphiles’ mitochondrial targeting. These
charge-neutral fluoroamphiphiles might have great potential to be a simple and reliable tool for
intracellular drug delivery and mitochondrial targeting.
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Targeted delivery of therapeutics and diagnostics to the specific tissues, cells, and even
intracellular compartments/organelles has attracted increasing interest.l Mitochondria, a
key organelle, are cells’ powerhouses and metabolic signaling centers, supporting a wide
range of physiological and pathological processes of mammalian cells. Mitochondrial
health is critical, and their defects or dysfunctions have been connected with many human
diseases and disorders, such as neurological diseases, cardiovascular diseases, and cancer.2
Mitochondria have become one of the most important therapeutic targets and the specific
delivery of therapeutics or imaging probes to mitochondria is highly desirable for studying
mitochondrial functions and treating mitochondria-related diseases.3

However, because of the hydrophobicity, dense double membranes, and negative potential,
mitochondria are difficult-to-access for many therapeutics.3 Over the past decade, significant
effort has been made to develop the mitochondria-targeted systems for delivery of

drugs and imaging agents. Among them, the cationic targeting ligands, including the
triphenylphosphonium (TPP)-based cations, rhodamine 123 (Rh123), cyanine cations, and
cationic peptides, have been developed to modify drug molecules or their carriers to enhance
their binding affinity with the “negatively charged” mitochondria.3# For example, the

TPP has been successfully conjugated with various drugs including vitamin E succinate
(VES), coenzyme Q10, and tamoxifen, to create the mitochondria-targeted drug conjugates,
that is, MitoVES,>® MitoQ,” and MitoTam,8 respectively. Some of these conjugates have
been used in clinics. However, the positive charge-induced strong ionic interactions may
cause nonspecific biodistribution and undesirable side effects.® On the other hand, the
potential-driven mitochondrial targeting would be compromised if mitochondria undergo
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depolarization during the cell apoptosis or drug treatments.8:10.11 A mitochondrial targeting
strategy which can tackle these issues is needed.

Due to the unique properties, fluorine has been exploited extensively in drug discovery and
development to increase the therapeutic activity and the chemical or metabolic stability of
numerous drugs.12 In fact, more than 20% of the marketed drugs, including half of the

top drugs sold, contain fluorine. Fluorination is also an effective technique to improve the
stability and specificity of proteinsl3 and to prepare the molecular probes for the magnetic
resonance imaging* and positron emission tomography imaging.1®> Recently, various
fluoropolymers and other fluorinated biomaterials have been developed and investigated in
biomedical applications.18 Some of the materials have been used as the carriers for cytosolic
delivery of nucleic acids, proteins, and peptides.1’-22

In this study, we synthesized and compared two types of the fluoroamphiphile

analogs, phosphatidylethanolamine-polyethylene glycol-fluorocarbon (PE-PEGm-Fn) and
polyethylene glycol-fluorocarbon (PEGm-Fn), which could be self-assembled into the
“shell-fluorinated” micelles and “core-fluorinated” micelles, respectively. Compared to
the triblock PE-PEGm-Fn polymers, the diblock PEGm-Fn polymers were superior

as a mitochondria-targeted nanocarrier. The PEGm-Fn’s cellular uptake, intracellular
distribution, particularly mitochondrial binding and accumulation, and underlying
mechanisms were studied. Furthermore, using the VES as a model drug, the PEGm-Fn’s
capabilities of drug delivery and mitochondrial targeting were evaluated in the cell lines,
tumor cell spheroids, and tumor-bearing mice.

RESULTS AND DISCUSSION

Fluorination Strategies: Shell Fluorination vs Core Fluorination.

In this study, through the design of the fluoroamphiphiles, two nanoparticle fluorination
strategies, that is, the shell/surface fluorination and core fluorination, were explored

(Figure 1A). The triblock polymers (PE-PEGm-Fn) and diblock polymers (PEGm-Fn) were
synthesized (Figure S1) and self-assembled into the “Fn-shell” micelles with a fluorinated
shell and the “Fn-core” micelles with a fluorinated core, respectively. To study the influence
of the hydrophobic or hydrophilic segments on the properties of the fluoroamphiphiles,
various perfluorinated carbons, Fn (n=3, 5, 7, or 9), and linear PEGm (/m = 1Kk, 2k, and 5k
Da) were used to synthesize the polymers. Although many drugs and biomaterials contained
fluorine,12.17.18 the concerns existed regarding the potential toxicity of the highly fluorinated
materials, for example, PFOS (CgHF1703S) and PFOA (CgHF1505).23 Here, only the low
molecular weight Fn segments were used, which have been proven to be safe.17:18

To compare the fluorination strategies, only the PEG2k, the mostly investigated PEG

in drug delivery,2* was used to synthesize the aforementioned triblock and diblock
fluoroamphiphiles. Due to the small hydrophobic segment (F3), the PEG2k-F3 could not
be self-assembled into a stable nanoparticle, as evidenced by the lack of a critical micelle
concentration (CMC). All other fluoroamphiphiles could be readily self-assembled into
the nanoparticles with the low CMC values (1-100 mg-L™1 for PE-PEG2k-Fn and 0.65—
2.5 mg-L~1 for PEG2k-Fn) (Figure 1B,C). The PEG2k-Fn micelles were uniform and
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relatively smaller (mean particle size: 100-120 nm) than the PE-PEG2K-Fn micelles (except
PE-PEG2Kk-F9). Because of the outer PEG layer, the PEG2k-Fn micelles had a near neutral ¢
potential. For the PE-PEG2k-Fn polymers, however, their mean particle sizes increased from
~120 nm to ~200 nm along with the decrease in their ¢ potentials from ~ -20 mV to ~ -30
mV when the fluorination degree () increased from 3 to 7. Interestingly, the PE-PEG2k-F9
micelles had a dramatically decreased size (~50 nm) and a near neutral ¢ potential (Figure
1D-G). The results suggested that the triblock polymer, PE-PEG2k-Fn, might not have the
similar conformation as the diblock polymer, PEG2k-Fn, in the assembled nanoparticles.
Due to the hydrophaobic interaction, the Fn might have a propensity to move toward the
micelle (PE) core resulting in the PEG’s outward folding (as opposed to the micelle core)
and partially or completely hidden Fn. When the Fn segment was small (7< 9), it was able
to “protrude” out of the micelles’ surface to some extent; however, when the Fn was big
enough (7= 9), the Fn’s hydrophobicity overwhelmed the PEG’s hydrophilicity resulting in
the polymer’s complete, “U-shaped” folding. Hypothetically, the PE-PEG2k-Fn assembled
micelles might adopt a “flower-like” arrangement2® (Figure 1A).

To study the cellular uptake of these fluoroamphiphiles, the PEG2k-PE micelles, one of

the mostly investigated micellar nanocarriers,26 were used as the control. The lissamine
rhodamine B-phosphatidylethanolamine (Rh-PE) was used as a fluorescent probe to

label the micellar nanoparticles. Although, in recent studies, the shell fluorination

strategy improved the cell internalization of the “stable” nanoparticles, such as gold
nanoparticles2”+28 and dendrimers,17-2% our microscopy and flow cytometry data indicated
that the Fn-core micelles showed much higher cellular uptake (~20-fold higher) than their
Fn-shell counterparts (Figure 1H,1). The fluorescence resonance energy transfer (FRET)
data showed that the PEG2k-Fn micelles induced the rapid interaction with the lipid bilayer
(cell membrane), triggering the efficient cellular uptake, while the PE-PEG2k-Fn’s outward-
folding PEG chain reduced the micelles’ interaction with the lipid bilayer (Figure S2),
inhibiting cellular uptake, in agreement with the previous report on “flower-like” micelles.25
In addition, the Fn-shell micelles (except PE-PEG2k-F9) had greater CMC values and
broader mean particle sizes than the Fn-core micelles (Figure 1B-E), indicating the Fn-
shell micelles’ relatively low stability. The low micelle stability might also interfere the
Fn-shell micelles’ cellular uptake. The data confirmed that the “core—shell” nanoparticles’
performance was influenced not only by the hydrophilic shell but also by the hydrophobic
core.30

PEGmM-Fn Fluoroamphiphiles and Their Self-Assembled Micelles.

Due to the favorable physicochemical properties and improved cellular uptake (Figure 1), a
series of the diblock PEGm-Fn fluoroamphiphiles were further synthesized (PEG2k-F7 as an
example). The successful fluorination of the PEG slowed down the PEG’s shift in the thin-
layer chromatography (TLC) (Figure S3). In the IH-nuclear magnetic resonance (:H NMR)
spectra, the amide hydrogen (-NHCO-) and a few other hydrogens near the F7 moiety

were detected when the polymer was dissolved in the DMSO-a; (Figure S4A), while these
peaks disappeared when D,O or CD30D was used as the solvent (Figure S4B,C) indicating
the formation of the “core—shell” structure3! in these solvents, in agreement with the PEGm-
Fn’s self-assembly and micelle formation data (Figure 1). After fluorination, the F7-Cys was
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added to the PEG2k, showing an increase of ~320 Da in the molecular weight determined by
the matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-
TOF MS) (Figure S5). In addition to the PEG2k, the PEG1k and PEG5k were used to
synthesize the PEGm-Fn fluoroamphiphiles. The PEGm-Fn micelles showed not only the
low CMC (Figure S6) and small particle size (Figure S7) but also the high stability at
various pHs and even in methanol (Figure S8), a solvent for disrupting the polymeric
micelles.32:33 This was also reflected by the PEGm-Fn’s NMR spectra regarding the micelle
formation in the CD30D (Figure S4C). The high nanoparticle stability was mostly due

to the strong fluorocarbon—fluorocarbon interaction34 and PEG’s hydrophilicity.3® Unlike
the cation-based delivery systems,3 the PEGm-Fn-assembled micelles with the outer PEG
shell were near neutral (between =5 and +5 mV) in aqueous environments (Figures 1G

and S9), suggesting that they would have good biocompatibility in biomedical applications,
particularly drug delivery.® Here, a slight shift in the ¢ potential was observed when the

pH changed from 5.0 to 8.5 (Figure S9), probably due to the PEGm-F7’s pK; (~8.1 + 0.6,
estimated by the ACD/I-Lab 2.0). In a long-term stability (FRET) study, no significant dye
“leakage” from the dye-loaded PEGm-Fn micelles has been observed in the aqueous buffers
or mouse serum at 37 °C for at least 24 h (Figure S10), ensuring the PEGm-Fn micelles’
cargo loading and delivery capability.

Cellular Uptake and Intracellular Delivery.

Recently, the fluorinated cationic materials, such as dendrimers and polyethylenimines, have
been developed for intracellular delivery of genes and proteins.1”=19 In this study, high
uptake was observed in all PEGm-F7 (m = 1k, 2k, or 5k) assembled micelles in both

the normal (NIH/3T3) and cancer cells, including the drug-sensitive (HeLa) and multidrug-
resistant (NCI/ADR-RES) cells (Figures 2A and S11), consistent with the uptake of the
PEG2k-Fn (n=5, 7, or 9) micelles (Figure 1H,1). The data implied that the uptake of

the PEGm-Fn micelles was most likely independent of the cell type. Compared to the
PEG1k-F7 and PEG5k-F7, the PEG2k-F7 had a slightly higher cellular uptake, probably due
to the proper balance between the hydrophilicity (of the PEG) and hydrophobicity (of the
fluorocarbon).36 The use of the PEG2k-F7 to modify the PEG2k-PE micelles significantly
increased the cellular uptake, which was similar to those of the micelles modified with

the trans-activating transcriptional activator (TAT) peptide (Figure S12), a well-known
intracellular delivery ligand.3” The data confirmed that even as a micelle core, the Fn had a
considerable impact on the fluoroamphiphiles’ biointeractions. Previous studies showed that
the fluorocarbons and fluoroamphiphiles could exert a “cholesterol-like” condensing effect
on the lipid bilayer/membrane,38:39 allowing to orient the lipids’ polar head groups toward
the fluoroamphiphiles. This unique property might facilitate the interaction of the PEGm-Fn
with cell membrane (Figures 2D and S2), to trigger the efficient cellular uptake (Figures
1H,l and 2A).

We found that the uptake of the PEG2k-F7 micelles at 4 °C was only about 50% of that

at 37 °C, suggesting that the uptake process needed energy. The uptake of the PEG2k-F7
micelles was significantly inhibited by chlorpromazine,® an inhibitor of clathrin-mediated
endocytosis, rather than the inhibitors (nystatin®! and 2-hydroxypropyl-B-cyclodextrin®?) of
the caveolae- or lipid raft-mediated endocytosis (Figures 2B and S13). In the dynamic study,
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the Rh-PE-labeled PEG2k-F7 micelles (red) were initially colocalized with the endosomes
(green), showing a yellow-orange fluorescence, and then, the red and green fluorescence
were separated each other (Figure 2C). All the results suggested that the PEG2k-F7 micelles
might undergo an energy-dependent clathrin-mediated endocytosis and a rapid endosomal
escape thereafter. These features would protect the loaded cargoes from the endolysosomal
degradation and facilitate the intracellular delivery and organelle targeting.43 However, we
could not rule out the nonendocytic internalization of the PEG2k-F7 micelles,** which might
account for the moderate cellular uptake at 4 °C (Figure 2B). Further studies indicated that
the PEG2k-F7 could induce the quick lipid membrane fusion at both pH 7.4 and pH 5.0 and
reached the equilibrium (when the curves level off) in an hour (Figure 2D), while it took
more than 20 h for the PEG2k-PE to reach the lipid fusion equilibrium (Figure S14). The
lipid fusion/interaction property of the PEG2k-F7 might shed some light on its rapid uptake
and efficient endosomal escape.*>

To track the nanocarrier and cargo, the Rh-PE, as a cargo, was loaded to the

fluorescein isothiocyanate (FITC)-PEG2k-F7 assembled micelles. We found that, during
the intracellular transport, the cargoes and micelles were colocalized and no obvious cargo
leakage was observed (Figure 2E). It was reported that some fluoroamphiphiles were
capable of incorporating into the lipid bilayer (membrane) with high affinity.18:29.46 Qur
data also showed a strong interaction between the PEG2k-F7 and lipid membrane (Figure
2D). However, due to stronger fluorocarbon—fluorocarbon interaction (vs fluorocarbon-
hydrocarbon interaction),34 rather than evenly mixing with the membrane lipids, the
fluoroamphiphiles might direct the self-assembly and remain a nanoscale structure within
the hydrocarbon environment (lipid membrane).4” This secured the PEGm-Fn micelle
stability during membrane translocation and intracellular transport.

Potential-Independent Mitochondrial Targeting and Underlying Mechanisms.

Though the fluorinated materials/nanoparticles have showed the enhanced cellular
uptake,17:18 their intracellular localization patterns remained vague. Here, we hypothesized
that the extreme hydrophobicity of the fluorocarbon (Fn) might favor the fluoroamphiphiles’
intracellular distribution in the hydrophobic, membrane-rich organelles, such as
mitochondria. To visualize mitochondria, three commercially available mitochondrial dyes,
including the MitoView Green (potential-independent, green), rhodamine 123 (Rh123)
(potential-dependent, green), and MitoView 633 (potential-dependent, red), were used. The
Rh-PE that was proven to have no mitochondrial preference*8 was used as a probe. In
accordance with Figure 2C, at as early as 5 min upon incubation, the Rh-PE-labeled
PEG2k-F7 micelles (red) were observed on the cell surface, indicating a rapid onset of

cell association/uptake (Figure S15). At 30 and 60 min, the micelles were distributed in the
intracellular compartments and mainly colocalized with the “green” mitochondria, showing
the yellow-orange fluorescence. The similar results were obtained in various cell lines
(Figure S16). The zoomed-in images clearly showed that both the FITC-PEG2k-F7 and
PEG2k-F7/Rh-PE micelles could accumulate in mitochondria, while the Rh-PE alone had
no mitochondrial specificity (Figure S17), consistent with the previous study.*® In addition
to mitochondria and cell nuclei, two more important organelles, the endoplasmic reticulum
(ER) and Golgi apparatus, were stained by the ER-Tracker4® and NBD C6-ceramide,>°
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respectively. The PEG2k-F7 micelles showed much lower accumulation in the ER or Golgi
apparatus than that in mitochondria, as evidenced by the discrete red and green fluorescence
(Figure 3A and Video S1). All these results strongly suggested that the PEG2k-F7 micelles
could be quickly internalized and preferentially accumulated in mitochondria. Since the ER
and mitochondria may join together at multiple contact sites, so-called the mitochondria-ER
associated membranes,! a slight ER “colocalization” was observed.

The mitochondrial membrane potential is an important indicator of the mitochondrial health?
and also a major driving force for cationic ligands to target mitochondria. In this study,

the mitochondrial membrane potential was measured by the JC-1 dye. In the cytosol, the
JC-1 dye exists as the green fluorescent monomers, while, upon binding to mitochondria, it
forms the red fluorescent J-aggregates. A shift from red to green indicates the mitochondrial
depolarization.52 Based on the red/green ratio (Figure 3B), the charge-neutral PEG2k-F7 did
not significantly alter the mitochondrial potential, while the cationic TPP or mitochondrial
uncoupler, carbonyl cyanide m-chlorophenyl hydrazine (CCCP),53 dramatically depolarized
mitochondria. To study the mechanisms of the mitochondrial targeting, the PEG2k, F7,

and PE were also labeled by the FITC, respectively, and the mitochondria were stained by
the MitoView 633 (red). Both the FITC-PE and FITC-F7 could be efficiently internalized,
while the FITC-PEG2k could not enter the cells due to the PEG’s “stealth” property (Figure
S18). After internalization, the FITC-PE was widely distributed in the cytosol and had

no mitochondrial preference, similar to the Rh-PE (Figure S17 and ref 48). In contrast,

the FITC-F7 predominantly accumulated in mitochondria (Figure 3C), suggesting that

the fluorocarbon (F7) was mainly responsible for the mitochondrial targeting. Upon the
mitochondrial isolation from these cells, the mitochondria-associated fluorescent polymers
were quantitated. The FITC-F7 showed a doubled mitochondrial accumulation (20.9%)
compared to the FITC-PE (11.1%). It was also slightly higher than that of the Rh123
(17.5%) (Figure 3D). The CCCP-induced depolarization substantially reduced the Rh123’s
(cationic dye) accumulation in mitochondria, but it could not reduce the FITC-F7’s
mitochondrial accumulation (Figure 3D). The microscopic images also showed that the
PEG2k-F7/Rh-PE micelles were able to target mitochondria, although the CCCP changed
the mitochondrial potential and morphology (Figure S19). However, the fluorocarbon (Fn)
was not suitable as a drug carrier by itself due to its extreme hydrophobicity.>* Here, the
proper length of the PEG balanced the hydrophilic-to-hydrophobic ratio and facilitated the
polymers’ self-assembly into a core—shell micelle for drug loading.

To study the direct binding between the polymers and mitochondria, the mitochondria were
freshly isolated from the untreated cells and characterized in terms of the morphology,
reactive oxygen species (ROS) production capacity, and ¢ potential® (Figure S20). Though
being electrically neutral, the FITC-PEG2k-F7 and FITC-F7 both showed strong binding
affinities with the isolated mitochondria, which were comparable to those of the commercial
dyes (Figures 3E and S21). The FITC-PE had a mild mitochondrial binding affinity,
consistent with the Figures 3C,D and S18. The TPP preincubation lowered the mitochondrial
binding of the Rh123 by about 50% due to the charge neutralization (Figure 3B), while the
PEG2k-F7 preincubation did not influence the Rh123’s binding with mitochondria (Figure
3F). It was reported that the cationic ligands, including TPP and Rh123, could effectively
target the mitochondria that had a great negative potential and their mitochondrial binding
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affinity highly depended on the mitochondrial potential.> However, the mitochondrial
potential is not always constant in the cell life cycle and may be depolarized during the

cell apoptosis or pharmacological interventions.?6:57 In such conditions, the potential-driven
mitochondrial targeting strategy will be compromised.8-10 Our data suggested that the
PEGm-Fn fluoroamphiphiles could target mitochondria in a potential-independent manner,
without influencing the mitochondrial potential or being influenced by the mitochondrial
potential.

In light of the high hydrophobicity and lack of the positive charge, most likely, the PEGm-
Fn fluoroamphiphiles were able to interact with the mitochondrial hydrophobic structures,
such as the membrane phospholipids, resulting in high mitochondrial affinity. The liposomes
containing various types of phospholipids were prepared and characterized (Figure S22).
After incubation with the fluorescent polymers, the polymer-lipid binding was analyzed by
flow cytometry (Figure 3G), a protocol used for studying the protein-lipid interaction.>8
Compared to the Rh123 and FITC-PE, the FITC-F7 showed equal or much stronger

binding affinities with all tested phospholipids regardless of their charge. The cationic
ligand (Rh123) showed a relatively high affinity only with the negatively charged liposomes,
while its affinity with the positively charged DOTAP liposomes was even lower than that

of the FITC-PE. In contrast, the FITC-PE showed low-moderate binding affinities with

all the liposomes. Among the tested natural phospholipids, the cardiolipin, a mitochondria-
exclusive phospholipid,>® showed the strongest binding affinity with the FITC-F7 (Figure
S23). The FITC-F7’s lipid binding effect was proportional to the cardiolipin contents in the
liposomes (Figure S24). Since both the PEGylation® and fluorination12:61 were reported

to reduce the nonspecific interaction with the biomolecules, the strong binding affinity

with the phospholipids, particularly the cardiolipin, might play an important role in the
fluoroamphiphiles’ mitochondrial targeting. However, whether the fluoroamphiphiles could
bind to other mitochondrial components, such as specific proteins and nucleic acids, needs
to be further studied.

In vitro Drug Delivery.

Here, the vitamin E succinate (VES),6:62.63 3 widely investigated “mitocan” that exerts

the anticancer activity by way of mitochondrial “destabilization”,%* was used as a model
drug. The VES was loaded to the PEG2k-F7 micelles at a loading efficiency of ~10%.

After drug loading, the particle size of the PEG2k-F7 micelles slightly increased (~120

nm) (Figure S25A), while their ¢ potential slightly decreased (~ =10 mV) (Figure S25B).
The TPP-PEG2k-PE/VES micelles were still positively charged (~ +30 mV). All tested
polymeric micelles could hold the VES and significantly prolonged drug release. Compared
to the free VES, PEG2k-PE or TPP-PEG2k-PE micelles, the PEG2k-F7 micelles showed
relatively slower drug release rate (Figure S25C). This was probably due to the high stability
of the PEG2k-F7 micelles.

The PEG2k-F7/VES micelles substantially enhanced the ROS production compared to
the free VES and PEG2Kk-PE/VES micelles (Figure 4A). To study the cytotoxicity, the
TPP-modified polymer, TPP-PEG2k-PE, was synthesized to form the potential-dependent
cationic micelles®° as a control. Here, we did not use the TPP-modified VES conjugate
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(MitoVES), though it has been widely investigated®-19 because it is a molecule and cannot
form a stable nanoparticle by itself alone. In addition, the MitoVES has a low water
solubility and usually needs the corn oil and ethanol mixture as the solvent for drug
administration.6:86 In all tested cell lines, including the drug-resistant cancer cells, the
PEG2k-F7/VES micelles showed the highest cytotoxicity among the formulations including
the TPP-PEG2k-PE/VES micelles (Figures 4B and S26). In contrast, the free polymers did
not show obvious ROS production and cytotoxicity, in agreement with the recent safety
reports on the fluorinated biomaterials.17:18.67

Since the VES exerts the anticancer activity viathe mitochondrial complex 11 (CI1),6:66

the CII activity was measured after treatments. Based on the results (Figure S26C), both
the TPP-PEG2k-PE/VES and PEG2k-F7/VES micelles could inhibit the CII activity by
around 70%, which almost doubled the inhibitory activity of the free VES or PEG2k-
PE/VES micelles. It was worth noting that the positively charged TPP-PEG2k-PE polymers
showed a significant CII inhibitory capability (~20%), probably due to the cation-induced
mitochondrial depolarization (Figure 3B), while the charge-neutral PEG2k-F7 or PEG2k-PE
polymers had no significant influence on the CII activity. It was known that the cardiolipin
was mainly located in the inner mitochondrial membrane where the ClI also resided.> The
results confirmed that the PEG2k-F7 micelles were able to carry the cargo (7.¢e., VES) and
translocate across the outer mitochondrial membrane to reach the cardiolipin and CllI in the
inner mitochondrial membrane. This boosted the efficacy of the loaded VES.

The VES’ mitochondrial complex activity inhibition (ref 6 and Figure S26C) would cause
mitochondrial depolarization and cell apoptosis,>¢:57 which lowered cationic drugs’/dyes’
mitochondrial binding (Figure 3F) and accumulation (ref 10 and Figure 3D). Although
both the TPP-PEG2k-PE/VES and PEG2k-F7/VES showed the similar CIl inhibitory
effects after 1 h cell incubation, the lowered mitochondrial binding/accumulation reduced
the efficacy of the potential-dependent cationic micelles (TPP-PEG2k-PE/VES) after 48
h cell incubation (Figures 4B and S26A). This would be more significant along with

the progressive cell apoptosis during long-term/repetitive drug treatments. In contrast,
the charge-neutral PEG2k-F7-mediated mitochondrial targeting and drug delivery were
independent of mitochondrial potential, which might greatly benefit the mitochondrial
imaging and therapy during anticancer treatments.

Furthermore, a tissue-mimicking tumor cell spheroid model with the well-known
“multicellular resistance”8:69 was developed to challenge the micelles. The PEG2k-F7
micelles (Rh-PE labeled) showed much higher penetration through the spheroids than the
PEG2k-PE micelles, as evidenced by the strong spheroid-associated fluorescence (Figure
4C). The PEG2k-F7 micelles’ high spheroid penetration enhanced VES’ cytotoxicity in
the tumor spheroids (Figure 4D) and inhibited the spheroid growth (Figure 4E). The data
suggested that the PEG2k-F7-mediated spheroid (tissue) penetration, cellular uptake, and
mitochondrial targeting could improve the drugs’ efficacy for treating mitochondria-related
diseases.
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In vivo Biodistribution, Cellular Uptake, and Mitochondrial Accumulation.

Mitochondrial dysfunctions are connected with various types of diseases, including
cancer.”% Unlike the MitoVES’ specificity against the fast-proliferating cells with
greater mitochondrial potentials (mainly because of the TPP’s positive charge), the
PEG2k-F7 micelles, as the charge-neutral nanocarriers, were designed to improve the
tumor accumulation via the enhanced permeability and retention (EPR) effect and to
target mitochondria of both cancer cells and cancer supporting cells in the tumor
microenvironment.’?

In the /in vivo study, the syngeneic 4T1 breast tumor model was generated on the BALB/c
mouse which is immunocompetent.”273 The immunocompetent mouse model allowed us

to study the drug delivery in the presence of the host immune response, a key factor
influencing delivery specificity and efficiency.? After intravenous (i.v.) injection of the Rh-
PE-labeled micelles, the micelles’ biodistribution was evaluated according to our previous
study.®9 Overall, the PEG2k-F7 micelles showed the high in vivo retention. The PEG2k-F7
micelles exhibited a prolonged blood circulation time (Figure 5A), probably because (i)
both the PEGylation®0 and fluorination12:61 could reduce nonspecific biointeractions and (ii)
the charge-neutral nanoparticles had longer blood circulating half-lives® compared to the
charged nanoparticles. Moreover, the appropriate particle size (~100 nm) and high stability
ensured the PEG2k-F7 micelles’ high accumulation in the 4T1 tumor (Figures 5A,B and
S27), a model with a well-known EPR effect.”3:74 Upon the cell dissociation from the
tumor tissues, the micelles’ uptake by the tumor cells was analyzed by flow cytometry.31:69
We found that the PEG2k-F7 micelles had higher cellular uptake than the free dye and
PEG2k-PE micelles (Figure 5C). To evaluate the micelles’ mitochondrial targetability, the
mitochondria were further isolated from the dissociated tumor cells, and the mitochondria-
associated micelles (dyes) were analyzed by flow cytometry. Compared to the free dye and
PEG2k-PE micelles, the PEG2k-F7 micelles showed a higher and persistent accumulation in
the tumor cells” mitochondria (Figure 5D). The /n vitroand in vivo mitochondrial targeting
data were well correlated.

In vivo Anticancer Activity.

Due to the low solubility and high dose (~400 mg-kg™1), the VES or its TPP conjugate (/.e.,
MitoVES) was usually administered in corn oil containing 4% ethanol v/a the intraperitoneal
(i.p.) injection.®:66 |n this study, the VES-loaded PEG2k-F7 micelles were readily dispersed
in the PBS and given v/athe i.v. injection to the 4T1 tumor-bearing mice at a low dose (20
mg-kg™1). After three injections, all micellar formulations exhibited significant anticancer
activities, while the free VES did not show obvious anticancer activity compared to the
saline group. On day 14 upon the injection, the PEG2k-F7/VVES micelles inhibited the
tumor size by ~75% and the tumor weight by ~65% compared to the saline group, while
the PEG2Kk-PE/VES micelles only showed ~40% inhibition in the tumor size and ~30%
inhibition in the tumor weight (Figure 6A-C). No significant changes in the mouse body
weights (Figure 6D) and white blood cell counts (Figure 6E) among the treatments were
observed. Also, the treatments did not significantly influence the functions of liver and
kidney (Figure S28). The H&E staining (Figure 6F) indicated that the vital organs had no
histological changes after treatments. In the tumor sections, the obvious cell death/necrotic
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areas were observed in the micelle-treated groups (PEG2k-PE/VES and PEG2k-F7/VES)
but not in the free PEG2k-F7 or free VES groups. Compared to the PEG2k-PE/VES, the
PEG2k-F7/VES caused more cell death in the tumor. All these data indicated that (i) the
free PEG2k-F7 fluoroamphiphiles were safe even after multiple i.v. injections; and (ii) even
at a low VES dose, the PEG2k-F7 micelles could substantially boost the VES’ anticancer
activity without significant adverse effects.

Like many other nanoparticles, in addition to accumulating in the tumor, the PEG2k-F7
micelles were found to accumulate in the mononuclear phagocyte system, such as liver
(Figure 5B). It was known that the large fluorocarbons were hardly degraded and eliminated
from our body, which might cause toxicity.23 To address this issue, in this study, only

the low molecular weight Fn segments (< 9) were used, which have been proven to be
safe.1718 The safety data of PEG2k-F7 micelles (Figures 4A, 6, S26B,C, and S28) were
also supported by previous reports on PEG2k’® and heptafluorobutyric acid,1” the potential
degradation products/intermediates of PEG2k-F7 polymers.

CONCLUSION

We synthesized various fluoroamphiphiles and explored two fluorination strategies (shell
vs core fluorination) on the self-assembled micellar nanoparticles. We demonstrated

a reliable intracellular delivery and mitochondrial targeting strategy using the diblock
fluoroamphiphiles as a nanocarrier. Despite being charge-neutral, the fluoroamphiphile-
assembled micelles were efficiently internalized by the cells, escaped from endosomes, and
preferentially accumulated in mitochondria. The fluoroamphiphile-mediated mitochondrial
targeting was potential independent and could deliver the cargo to mitochondria without
compromising mitochondrial health both in vitroand in vivo. Our findings suggested

that the use of the fluoroamphiphiles might be a simple and effective way for targeting

of therapeutic and imaging agents to mitochondria. Because of the important roles of
mitochondria in various types of diseases, the approach is expected to advance the diagnoses
and treatments of not only cancer but also other types of diseases.

MATERIALS AND METHODS

The fluoroamphiphiles were synthesized and their chemical structures were characterized.
The self-assembled micelles were characterized by their CMC values, particle sizes, ¢
potentials, and morphology. The FRET was performed to study the lipid fusion and

micelle stability. The cellular uptake, intracellular localization, and spheroid penetration
were determined by flow cytometry, fluorescence microscopy, or confocal microscopy.

The binding affinity with the isolated mitochondira or liposomes were determined by

flow cytometry. The cytotoxicity was measured by the CellTiter-Blue Cell Viability Assay
(Promega). The /in vivo biodistribution and anticancer activity were studied on the syngeneic
orthotopic 4T1 mouse model. A full description of materials and methods is provided in
Supporting Information Materials and Methods.
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Figure 1.
Fluorination strategies of the self-assembled micellar nanoparticles. (A) Scheme of the

fluorination strategies and fluoroamphiphiles’ self-assembly patterns. (B, C) CMC values
determined using the pyrene as a fluorescent probe. (D, E) Particle sizes of the polymeric
micelles (pH 7.4) determined by dynamic light scattering (DLS). (F, G) ¢ potentials of the
polymeric micelles (pH 7.4). Cellular uptake of the Rh-PE-labeled micelles in the HelLa
cells determined by (H) fluorescence microscopy and (I) flow cytometry. Incubation time: 1
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h. MFI, mean fluorescence intensity. Data were expressed as the mean + SD, ***p < 0.001,
when compared to the PE-PEG2k-Fn groups or PEG2k-PE group.
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Cellular uptake and intracellular delivery. (A) Cellular uptake of the Rh-PE-labeled micelles.
Incubation time: 1 h. (B) Effects of the temperature and endocytosis inhibitor on cellular
uptake, determined by flow cytometry. For the endocytosis inhibition study, the cells were
preincubated with the chlorpromazine (CPZ) for 0.5 h and then incubated with the Rh-PE-
labeled micelles for an additional hour. (C) Endocytosis and endosomal escape. Cell nuclei
were stained by the Hoechst 33258 (blue). Endolysosomes were stained by the LYSO-ID
Green. (D) Fusion of the 1,2-dipalmitoyl-sr-glycerol-3- phosphocholine liposomes in the
presence of the polymers, determined by the FRET (dye pair: Dil/DiO). The protocol is
depicted in Figure S2A,B. (E) Cellular tracking of the Rh-PE loaded FITC-PEG2k-F7

micelles. Incubation time: 0.5 h. MFI, mean fluorescence intensity. Cell line in (B), (C) and

(E): HeLa cells. Data were expressed as the mean + SD, ***p < 0.001, when compared to

the PEG2k-F7 group at 4 °C.
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Figure 3.

Potential-independent mitochondrial targeting. (A) Intracellular localization of the Rh-PE-
labeled micelles. Incubation time: 1 h. Mitochondria were stained by the MitoView Green.
ER was stained by the ER-Tracker Green. Golgi apparatuses were stained by the NBD C6-
ceramide. Mitochondria, ER, and Golgi showed green fluorescence. Cell nuclei were stained
by the Hoechst 33258 (blue). (B) Mitochondrial membrane potential determined by the JC-1
dye. The decrease in the red/green ratio (Rr,g) indicates the mitochondrial depolarization.
(C) Colocalization of the FITC-labeled materials with mitochondria. Incubation time:

1 h. Mitochondria were stained by the MitoView 633 (red). (D) Quantification of

the mitochondria-associated polymers. The cells were incubated with the FITC-labeled
polymers for 1 h, followed by the mitochondrial isolation and fluorescence quantitation.

To study the influence of the mitochondrial depolarization, the cells were preincubated

with the CCCP for 15 min before 1 h polymer incubation. (E) Direct binding affinity. The
isolated mitochondria were incubated with the FITC-labeled polymers or dyes at 37 °C

for 1 h. The mitochondria-associated fluorescence was quantitated. (F) Competitive binding
assay. The isolated mitochondria were preincubated with either the TPP or PEG2k-F7 at 37
°C for 1 h, followed by incubation with the Rh123 for 1 h. The mitochondria-associated
Rh123 was quantitated. (G) Polymer—lipid binding. The liposomes were incubated with the
FITC-labeled polymers or Rh123 at 37 °C for 1 h, followed by flow cytometry. MFI, mean
fluorescence intensity. Cell line in (A-D): HeLa cells. Data were expressed as the mean +
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SD, ***p < 0.001, when compared to the FITC, FITC-PEG, or FITC-PE (E), *p< 0.05;
*** < 0.001, when compared to the Rh-PE group in the absence of polymers (F).
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Figure 4.
In vitro drug delivery. (A) Cellular ROS levels. Cells were incubated with various

formulations for 20 h, and then incubated with the H,DCFDA (10 M) at 37 °C for 0.5 h.
The generated green fluorescence, an indicator of the ROS, was determined by fluorescence
microscopy. (B) Cytotoxicity of the VES-loaded micelles determined by the CellTiter-Blue
Cell Viability assay. Incubation time: 48 h. (C) Penetration of the Rh-PE-labeled micelles
in the cell spheroids. Incubation time: 1 h. (D) Cytotoxicity and (E) spheroid morphology
upon treatments in the cell spheroids. Incubation time: 72 h. Cell line: HeLa cells. Data
were expressed as the mean = SD, *p < 0.05; ***p < 0.001, when compared to the PEG2k-
PE/VES group.
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Figure 5.
In vivo biodistribution, cellular uptake, and mitochondrial accumulation. Biodistribution of

the Rh-PE-labeled micelles in the blood and tumor over 24 h (A) and in the major organs
and tumor at 24 h (B). (C) Internalization of the Rh-PE-labeled micelles by the tumor

cells, determined by flow cytometry. (D) Accumulation of the Rh-PE-labeled micelles in the
tumoral mitochondria, determined by flow cytometry. Animal model: 4T1-bearing BALB/c
mice. Administration: single i.v. injection through the mouse tail vein. Data were expressed
as the mean £ SD, *p < 0.05; **p < 0.01; ***p< 0.001; n.s., nonsignificant, when compared
to the PEG2k-PE/Rh-PE group.
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Figure 6.
In vivo anticancer activity. (A) Tumor growth curves. (B) Weights and (C) images of the

excised tumors on day 14. (D) Mouse body weights. (E) White blood cell counts. (F)
H&E staining of the vital organs and tumors. Animal model: 4T1-bearing BALB/c mice.
Administration: i.v. injection through the mouse tail vein at 20 mg-kg~! VES every 4 days
for three times. Data were expressed as the mean + SD, **p < 0.01; ***p < 0.001.
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