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A photochemical reaction mediated by light-activated molecules (photosensitizers) in photodynamic
therapy (PDT) causes molecular oxygen to be converted into highly reactive oxygen species (ROS) that
are beneficial for cancer therapy. As the active oxygen consumer and the primary regulator of apoptosis,
mitochondria are known as an important target for optimizing PDT outcomes. However, most of the
clinically used photosensitizers exhibited a poor tumor accumulation profile as well as lack of
mitochondria targeting ability. Therefore, by applying a nanocarrier platform, mitochondria-specific
delivery of photosensitizers can be materialized. The present research develops an effective
mitochondria-targeting liposome-based nanocarrier system (MITO-Porter) encapsulating a m-extended
porphyrin-type photosensitizer (rTPA), which results in a significant in vivo antitumor activity. A single
PDT treatment of the rTPA-MITO-Porter resulted in a dramatic tumor inhibition against both human and
murine tumors that had been xenografted in a mouse model. Furthermore, depolarization of the
mitochondrial membrane was observed, implying the damage of the mitochondrial membrane due to
the photochemical reaction that occurred specifically in the mitochondria of tumor cells. The findings
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Introduction

During the past century, photodynamic therapy (PDT) has been
actively developed as a promising approach for effectively
eradicating cancers with minimal effects on healthy cells
located adjacent to cancer.' The PDT effect originates from an
energy transfer reaction between light and molecular oxygen,
areaction that is mediated by a photosensitizer, resulting in the
production of lethal levels of reactive oxygen species (ROS),
mainly singlet oxygen.>* The selectivity of this therapy is
attributed to the specific accumulation of the non-toxic photo-
sensitizer in the tumor region, accompanied by the precise
delivery of harmless visible light to the corresponding area,
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advancing the in vivo PDT effectivity in cancer therapy regardless of tumor type.

a process that is known as a dual selectivity concept.* Singlet
oxygen reacts aggressively with a number of vital, biologically
relevant molecules, causing irreversible oxidative damage thus
exerting a lethal effect on cells.” However, the reactivity of
singlet oxygen is often restricted by its short lifetime and its
inability to diffuse deeply into tissue.® The specific delivery of
a photosensitizer and the local production of singlet oxygen at
the organelle-level is a promising strategy for overcoming this
impediment and therefore producing the maximum benefits of
PDT.

As an important organelle that has both vital and lethal
functions for the cell, mitochondria have been identified as an
engaging target for advancing PDT outcomes mainly by acti-
vating the intrinsic apoptosis pathway.”” A significant increase
in ROS concentration inside the mitochondrial compartment
during the PDT process leads to destabilization of the mito-
chondrial membrane. This, in turn, causes the liberation of the
proapoptotic proteins that are embedded within the inner
mitochondrial membrane, further activating the caspases that
are responsible for apoptosis cell death.'® Moreover, the
production of excessive levels of mitochondrial ROS generates
an inhibitory effect on the electron transport chain, leading to
a significant increase in mitochondrial oxygen levels and the
effectiveness of the PDT, especially under the low oxygen
concentration ez directing

in many tumors. However,
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a photosensitizer specifically into mitochondria is a compli-
cated and challenging task, which is due to the double
membrane system that prevents undesirable molecules from
entering the mitochondria, and this task is more challenging to
perform in living organisms.

A number of efforts have been made to design a versatile
mitochondria-targeted system for delivering chemotherapeutic
agents and photosensitizers for cancer therapy.*® Strategies are
developed by exploiting the highly negatively charged and
hydrophobic characteristics of the mitochondrial membrane.
One of the most popular strategies is to employ delocalized
lipophilic cations (DLCs), which contain positive charges
combined with lipophilic attributes, for example, triphenyl
phosphonium (TPP).* TPP can be employed either to conjugate
the photosensitizer through chemical conjugation or to
modify the surface of a nanocarrier system containing a photo-
sensitizer.'® Although, TPP shows promising ability for target-
ing drug molecules into mitochondria, it has been reported that
TPP has a negative impact on mitochondrial function, in that it
inhibits the electron transport chain.”

Since 2008, our group has been intensively focused on
developing a versatile mitochondria-targeted nanodevice using
a liposomal platform, namely a MITO-Porter system.'®* Nano-
particles that make up the system have a highly fusogenic lipid
composition that is combined with an arginine-rich cell-
penetrating peptide. This system has been used to carry
a wide variety of cargoes, ranging from small molecules to
genetic materials, into mitochondria to achieve specific target-
ing goals.”*' Moreover, we recently utilized the MITO-Porter
system to carry an anthracycline antineoplastic agent into the
mitochondria of resistant human renal carcinoma cells, both in
vitro and in vivo, resulting in a promising level of inhibition of
tumor growth.>>?*

Porphyrins, an excellent photosensitizer, have been exten-
sively used in clinical applications due to their ability to induce
the formation of singlet oxygen by photoirradiation.***
However, most porphyrin compounds have an inadequate
capacity for harvesting long-wavelength light, which is of
utmost importance for achieving a greater ability to penetrate
tissue, which largely consists of water and biomolecules.***”
Furthermore, the fact that the accumulation is non-specific can
result in adverse reactions.”®* To resolve the problems
regarding the light absorption ability and tumor-specific accu-
mulation of photosensitizers, previously, we developed
a strategy by utilizing a newly synthesized NIR-activated
porphyrin-type photosensitizer (rTPA) encapsulated in
a MITO-Porter system as a nanocarrier for mitochondrial tar-
geting.*® This novel mitochondria-targeted PDT system dis-
played promising in vitro cell-killing ability towards various
human cancer cell lines, as indicated by the low minimum
concentration needed to eliminate half of the cell population
(ECs0) in comparison with other reported systems.** Therefore,
evaluating the therapeutic benefits of the rTPA-MITO-Porter
becomes relevant and engaging as an integral part of the in
vitro-to-in vivo translation process, which is the most significant
bottleneck in developing nanoparticle technology as a drug
delivery system.
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Fig. 1 Schematic illustration of the in vivo tumor regression process
after the administration of the rTPA-MITO-Porter. The interval
between drug administration through a local injection and the light
irradiation process (DLI) facilitates particle distribution and intracellular
events, including mitochondrial delivery by electrostatic interaction
and membrane fusion mechanisms.

In the present study, we report an in vivo application of our
recently developed mitochondria-targeted PDT platform, particu-
larly for treating superficial-type human malignant cells that had
been xenografted on a mouse model. We initially optimized the
I'TPA-MITO-Porter formulation so as to achieve appropriate
particle characteristics for an in vivo environment, while still
preserving mitochondrial delivery and its photo-induced toxicity.
The MITO-Porter system amplifies cytosolic delivery through acti-
vation of the macropinocytosis pathway, due to the presence of the
arginine-rich cell-penetrating peptide on the surface of the lipo-
some. Electrostatic interactions with the highly negatively charged
mitochondrial membrane followed by a membrane fusion process
accelerates the mitochondrial delivery of the rTPA molecules.
Finally, NIR-light irradiation activates the rTPA molecules to
produce lethal levels of singlet oxygen, leading to optimum tumor
regression, both in vitro and in vivo (Fig. 1).

Experimental
Materials

Lipid materials consisting of 1,2-dioleoyl-sn-glycero-3-
phosphatidyl ethanolamine (DOPE) and cholesterol (Chol)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA) and Sigma Aldrich Corp. (St. Louis, MO, USA), respectively.
Stearylated-octaarginine (STR-R8) was acquired from the Toray
Research Center, Inc. (Tokyo, Japan). The MitoProbe™ TMRM
assay kit was obtained from Thermo Fischer Scientific Inc.
(Waltham, MA, USA). SAS cells, a human squamous cell carci-
noma cell line of the tongue, were kindly gifted by the National
Institutes of Biomedical Innovation, Health, and Nutrition
JCRB Cell Bank (Osaka, Japan). rTPA was synthesized and
characterized as reported previously.*® All other chemicals and
solvents used were purchased as commercially available
reagent-grade products.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Construction of the rTPA-MITO-Porter

The rTPA-MITO-Porter was prepared using the hydration
method, as described in a previous report®*® with minor modi-
fications. Briefly, an ethanol solution containing a combination
of DOPE and Chol in a molar ratio of 9:2 (a total lipid
concentration of 2.75 mM) was mixed with 5 mol% of rTPA in
chloroform and the solvent was then evaporated to obtain a thin
lipid film. The hydration of the lipid film was carried out using
10 mM HEPES buffer containing 290 mM glucose (pH 7.4) for
15 min at room temperature to allow the molecular interactions
between the hydration solution and lipid film to be complete,
followed by sonication to form spherical-shaped homogeneous
particles. The non-encapsulated drugs were precipitated by
centrifugation at 20 600 x g for 5 min to separate them from the
drugs that were encapsulated in the liposomes. Finally, the
liposomes were modified with a 10 mol% STR-R8 solution to
give the rTPA-MITO-Porter. The particle size and zeta potentials
were determined using a dynamic light scattering (DLS) method
and the patented phase analysis light scattering technique (M3-
PALS technology) (Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, UK), respectively. Moreover, the amount of
encapsulated rTPA was determined by spectrophotometry
(Beckman Coulter DU®730, Brea, CA, USA).

Transmission electron microscopy (TEM) observations

For TEM observations, the specimens were placed on a carbon/
formvar film-coated grid, stained with 1% uranyl acetate, dried,
and subsequently examined using a TEM (JEM 1400, 80 V, JEOL,
Tokyo, Japan).

Cell culture

SAS cells, human tongue cancer cells, were cultured in Dul-
becco's Modified Eagle's Medium (DMEM) (Wako, Osaka,
Japan) containing 10% (v/v) fetal bovine serum (FBS) (Sigma
Aldrich Corp.) and penicillin-streptomycin  (Meiji Seika
Pharma, Co. Ltd., Tokyo, Japan) under an atmosphere of 5%
CO,/air at 37 °C. The cell passage was performed at 90%
confluency.

Verification of in vitro mitochondrial delivery and
phototoxicity

The efficiency of mitochondrial delivery was evaluated using
confocal laser scanning microscopy (CLSM) analysis. SAS cells
were seeded on a 35 mm glass base dish at a density of 2 x 10>
cells followed by a 24 h incubation period. The rTPA encapsu-
lated in the MITO-Porter containing 7-nitrobenz-2-oxa-1,3-
diazole dye (NBD-labeled rTPA-MITO-Porter) was transfected
into the cells in serum-free medium for 1 h, followed by an
additional 2 h in medium containing 10% serum. After the
transfection process completed, the mitochondrial
compartment was stained using 0.1 uM MitoTracker™ Deep
Red FM (Thermo Fischer Scientific Inc.) for 20 min. The
observations were performed using an Olympus FV10i-LIV
(Olympus Corporation, Tokyo, Japan) equipped with a water-
immersion objective lens (UPlanSApo 60X/NA. 1.2) and

was
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a dichroic mirror (DM405/473/559/635). The NBD-labeled rTPA-
MITO-Porter and the MitoTracker™ Deep Red FM were excited
with 473 nm and 635 nm light, respectively. Two fluorescence
detection channels were set using a filter at a bandpass of 490-
540 nm to detect the NBD-labeled rTPA-MITO-Porter and 660~
710 nm to detect MitoTracker™ Deep Red FM.

The verification of the PDT cell-killing ability of the rTPA-
MITO-Porter involved the use of SAS cells. Briefly, SAS cells were
seeded at a concentration of 5 x 10* cells per mL on a 48-well
plate 24 h before the transfection. The cells were transfected
with the sample in serum-free medium for 1 h, followed by an
additional 2 h incubation in medium containing 10% (v/v)
serum. The medium was then replaced with fresh medium
prior to the irradiation process using a xenon lamp (MAX-303,
Asahi Spectra, Tokyo, Japan) equipped with a bandpass filter
(700 4+ 6 nm, 68.5 mW cm ™2, 5 min). Cell viability was measured
using a colorimetric method by measuring the WST-1 absor-
bance change at 450 nm with the reference at 630 nm using
a microplate photometer (EnSpire® Multimode Plate Reader,
PerkinElmer, Waltham, MA, USA). The evaluation was inde-
pendently repeated three times.

Establishment of a tumor-bearing mouse model

Male Balb/c Scl-nu/nu mice (4-6 weeks old) were obtained from
Japan SLC Inc. (Shizuoka, Japan). The animals were housed in
a specific pathogen-free facility with 12 h light/dark periods and
were continuously supplied with food and water. All animal
experiments were carried out following protocols that had been
previously reviewed and approved by the Institutional Animal
Care and Research Advisory Committee at the Faculty of Phar-
maceutical Sciences, Hokkaido University, Sapporo, Japan
(registration number: 16-0015). To establish a tumor-bearing
mouse model, SAS cells with a density of 1 x 10° cells in 80
uL PBS were subcutaneously injected into the right flank of the
mouse. The tumor growth was monitored and measured using
callipers using the following formula: tumor volume = 0.52 X
long axis x short axis®.

Evaluation of particle distribution on the tumor tissues

Mice with a tumor volume of around 200 mm® were intra-
tumorally injected with the rTPA-MITO-Porter containing the
fluorescent dye  1,1’-dioctadecyl-3,3,3',3"-tetra-methylindo
dicarbocyanine perchlorate (DiD; Invitrogen Corp., Carlsbad,
CA, USA). At 6 h or 12 h after liposome administration, the mice
were sacrificed, and tumor tissues were collected. The main
organs, including the liver, kidneys, lung, spleen, and heart,
were also collected. The distribution of the liposomes inside the
tumor tissues and several main organs was observed using
a FluorVivo™ 300 Small Animal Fluorescence Imaging system
(INDEC BioSystems, Los Altos, CA, USA).

Evaluation of in vivo PDT antitumor activity

After the tumor volume reached 50 mm?® or six days after tumor
inoculation, the SAS cell-bearing mice were randomly divided
into five groups and separately intratumorally administered
HEPES buffer containing 290 mM glucose pH 7.4 (HBG) with

Nanoscale Adv., 2021, 3, 5919-5927 | 5921
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light irradiation (+L), empty MITO-Porter + L, free rTPA + L,
r'TPA-MITO-Porter, and rTPA-MITO-Porter + L. The rTPA dose
was fixed at 8.2 pg per mouse for all treatments containing
r'TPA. The light irradiation process was performed 12 h after the
administration of the solution by means of a xenon lamp with
a bandpass filter (700 & 6 nm, 920 mW cm™ 2, 20 min). The
tumor volume and the bodyweight were monitored at two-day
intervals until the endpoint of the experiment (14 days after
the first treatment). The relative tumor volume was calculated
by comparing the tumor volume with the corresponding initial
tumor volume prior to treatment. Furthermore, tumor growth
inhibition (%TGI) was calculated using the following equation:
%TGI = (1-[T/To/C/Co)/1 — [Co/C]) X 100, where T, and C; are
the median tumor volume of the treated and HBG + L group,
respectively, at the end of the observation period. In contrast, T,
and C, represent the median tumor volume of the treated and
HBG + L group, respectively, before treatment.**

Assessment of mitochondrial membrane potential

The mice bearing SAS cells were intratumorally injected with
the rTPA-MITO-Porter (rTPA dose = 8.2 pg per mouse) or an
HBG solution (as negative control), followed by irradiation with
700 nm light for 20 min, at 12 h after drug administration. The
mice were sacrificed 3 h after the light irradiation process, and
tumor tissues were collected. The tumor tissues were incubated
with 0.5 pM MitoProbe™ TMRM solution in PBS (—) for 30 min,
followed by observation using a CLSM. The Olympus FV10i-LIV
is equipped with a water-immersion objective lens (UPlanSApo
60X/NA. 1.2), and a dichroic mirror (DM405/473/559/635) was
used to detect the TMRM signal. The tissues were illuminated
with 559 nm light to excite the TMRM, and the fluorescence
detection channel was set using a filter at a bandpass 570-
670 nm to detect the TMRM fluorescence signal. The quantifi-
cation of the mean fluorescence intensity of the TMRM was
then performed from randomly selected CLSM images using the
Image] software.*

Results and discussion

Formulation design and preparation of the rTPA-MITO-Porter
for in vivo application

We previously validated that the combination of DOPE and R8
is the key factor for the successful mitochondrial delivery of the
MITO-Porter system. At the same time, the helper lipids, such as
sphingomyelin, cholesterol, cholesteryl hemisuccinate, and
phosphatidic acid, can be replaced or altered without having
a significant impact on mitochondrial delivery.*® Furthermore,
the addition of cholesterol to the liposomal formulation could
improve the packing of phospholipid molecules to result in
a more rigid and more stable structure,** which is preferable
for maintaining the structure of the liposomes in a harsh in vivo
environment. Therefore, we included the cholesterol as the
helper lipid in the optimization process, which was then
combined with DOPE and RS as the main building component
of the rTPA-MITO-Porter, resulting in a material with a high
positive charge with a narrow particle size distribution.
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The rTPA-MITO-Porter was assembled using the hydration
method, as previously reported.* The hydration method was
adopted because it is relatively simple to carry out and allows
homogeneous nanoparticles to be produced in a short time. A
mixture of DOPE and cholesterol at a total concentration of
2.75 mM was employed to encapsulate the rTPA, followed by
surface modification with R8 to produce the rTPA-MITO-Porter.
It was found that the use of a high lipid concentration (2.75
mM) allowed us to encapsulate rTPA more efficiently, with an
encapsulation rate of 37.6 &+ 5.3 uM compared to the previously
developed rTPA-MITO-Porter made using sphingomyelin at
a low lipid concentration (0.55 mM), which encapsulated only
6.7 £ 2.9 uM of rTPA.** The high lipid concentration provides
more space for the encapsulation of rTPA. This is essential for
producing the high dose of the sensitizer needed for in vivo
applications as opposed to the in vitro evaluation. DLS
measurements revealed that the resulting rTPA-MITO-Porter
had an average hydrodynamic diameter of 169 + 6 nm with
homogeneous particle distribution, which is indicated by
a small polydispersity index (PDI) of 0.22 £ 0.02 (Fig. 2A).
Furthermore, the high positive charge ({-potential = 36 + 1 mV)
suggests that the R8 moieties are located on the surface of the
rTPA-MITO-Porter (Fig. 2B). The attachment of cationic and
hydrophilic R8 peptides to the surface of the MITO-Porter was
facilitated by the hydrophobic stearyl chain conjugated to the
R8 structure. This resulted in the interaction between stearyl
moieties with the hydrophobic region of the phospholipid
bilayer of the liposomes, while the hydrophilic R8 would be
oriented to the surface of the liposomes. TEM observations
confirmed the size distribution seen in the DLS and permitted
the morphology of the rTPA-MITO-Porter to be visualized
(Fig. 2C), whose featureless round shape is consistent with the
formation of spherical multilamellar vesicles.

R8, a short peptide sequence containing eight cationic
arginine residues, is a member of the arginine-rich cell-
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Fig. 2 Particle characteristics of the rTPA-MITO-Porter. (A) Particle
size distribution with an average diameter of 169 + 6 nm and a poly-
dispersity index of 0.22 + 0.02. (B) Zeta potential, indicating the
positive charge particle with an average of 36 + 1 mV. (C) TEM images
of the rTPA-MITO-Porter (scale bars: 500 nm) and the magnification
image of the particle in the red box (scale bars: 100 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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penetrating peptide (CPP) group that is extensively used to
enhance the cell internalization of nanoparticles. This CPP can
interact with cell-surface proteoglycans and activate the mac-
ropinocytosis pathway as the primary cellular internalization
process.*®* It also can effectively promote the escape of the
nanoparticles from endo-lysosomal vesicles through
a membrane fusion process in a pH-independent manner.*®
Inside the cytosol, the R8 facilitates the interaction of the MITO-
Porter with the mitochondrial membrane via electrostatic
interactions. These interactions are accompanied by
a membrane fusion process, which is mediated through the
highly fusogenic lipid composition of the MITO-Porter
system.'®** Therefore, attaching R8 moieties on the surface of
the MITO-Porter system is considered to be the most critical
process in constructing the rTPA-MITO-Porter.

Verification of the mitochondrial delivery of the rTPA-MITO-
Porter in vitro

SAS cells, which are categorized as squamous carcinoma cells
derived from human tongue cancer cells, were transfected with
the NBD-labeled rTPA-MITO-Porter for 3 h, as well as the
empty MITO-Porter as the control group. The internalization
and accumulation of the MITO-Porter in mitochondria were
visualized using a CLSM after staining the mitochondrial
compartment with the MitoTracker™ Deep Red FM. As indi-
cated in Fig. 3, bright green fluorescence signals of NBD were
clearly evident in the interior of the cells that had been treated
with both the empty MITO-Porter and the rTPA-MITO-Porter,
suggesting that a high-level of particle internalization had
occurred. Moreover, most of the nanoparticles were colo-
calized inside the mitochondrial compartment, as evidenced
by the appearance of yellow fluorescence signals, as a result of
the overlapping of the green fluorescence signal of the MITO-
Porter with the red fluorescence signal of the mitochondria.
The level of accumulation in mitochondria was then quantified
using Pearson's correlation coefficient (Rr). The results indi-
cated that the presence of rTPA molecules inside the MITO-
Porter system had only a negligible effect on the overall accu-
mulation of the MITO-Porter in mitochondria (P = 0.41), with
approximately 30% of the particles accumulating in mito-
chondria. This result indicates the effectivity of the MITO-

Mitochondria Rr

Nanoparticle

0.36 £0.10

Empty-
MITO-Porter

rTPA-
MITO-Porter

0.32+0.10

Fig. 3 Mitochondrial accumulation profile of (A) the empty-MITO-
Porter and (B) the rTPA-MITO-Porter in SAS cells. The level of mito-
chondrial accumulation was quantified using Pearson’s correlation
coefficient (Rr). Scale bars: 10 pm.
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Porter system in selectively transporting rTPA into the mito-
chondria of SAS cells.

Validation of in vitro photo-induced cell death by the rTPA-
MITO-Porter

The PDT effect is a result of the dynamic interaction between its
key elements, specifically the photosensitizer, light, and oxygen
molecules. The energy transfer process from visible light to
molecular oxygen mediated by a photosensitizer results in the
alteration of ground-state oxygen molecules with the formation
of reactive and destructive species, mainly singlet oxygen.** The
ability of the rTPA-MITO-Porter to induce toxicity against SAS
cells was evaluated in the absence or presence of a light irra-
diation process. As shown in Fig. 4, a dose-dependent toxicity
profile was obtained during a 5 min irradiation process by
a xenon lamp at 700 £ 6 nm, while negligible toxicity was
observed in the absence of irradiation. Furthermore, the ECs,
value was determined to be approximately 0.27 + 0.04 puM. The
cell-killing effectivity of the rTPA-MITO-Porter was statistically
insignificant (P = 0.268) compared to previously reported
results in which a low concentration of sphingomyelin (0.55
mM) was used for preparing a MITO-Porter system,* indicating
that the total lipid concentration and composition have only
a minor impact on the PDT effect associated with the rTPA-
MITO-Porter. Meanwhile, the robust photo-induced cytotoxicity
of the rITPA-MITO-Porter originated from the ability of the rTPA
to produce a high-level of singlet oxygen during the NIR-light
irradiation process®® in combination with the selective mito-
chondrial accumulation, as displayed in Fig. 3, which further
improves the effectiveness of the PDT.

Evaluation of PDT antitumor activity against the SAS cell-
bearing mouse model

Encouraged by the ability to transport rTPA molecules to the
mitochondria as well as the ability to induce phototoxicity, we
then continued our effort in extending the application of the
'TPA-MITO-Porter by evaluating its in vivo antitumor activity.
The PDT antitumor activity was evaluated in SAS cells that had
been xenografted on a mouse model. SAS cells were selected as

*k Kk *k

120 1 ,—l

Cell viability (%)
& [ ;
> [ [}

53
=]
L

=

0 0.1 0.25 0.5
rTPA concentration (nM)

[0 Without irradiation B With irradiation

Fig. 4 Cytotoxicity profile of the rTPA-MITO-Porter against SAS cells
in the presence and absence of light irradiation. The irradiation was
performed using 700 + 6 nm light for 5 minutes with a density of 68.5
mW cm™2. Data represent the average of cell viability with S.D. (n = 3;
**p < 0.01 by unpaired T-test).

Nanoscale Adv., 2021, 3, 5919-5927 | 5923


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00427a

Open Access Article. Published on 21 August 2021. Downloaded on 1/11/2026 11:48:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

the potential target for PDT due to their fatal nature and the fact
that the tumor was located on the surface of the body, hence
making it easier to treat them by PDT. The cells were subcuta-
neously inoculated in the right flank of an immunodeficient
mouse. When the tumor volume reached 50 mm?, the mice were
randomized into five treatment groups, consisting of HBG + L,
empty MITO-Porter + L, free rTPA + L, the rTPA-MITO-Porter,
and rTPA-MITO-Porter + L. Each group received a specific
single treatment with the equivalent of rTPA dose of 8.2 ug per
mouse vig intratumoral administration followed by a 20 min
light irradiation process using a xenon lamp with an optical
filter to produce 700 £+ 6 nm light. Local injection was chosen
since the target tumor is located on the surface of the body,
which could be easily accessed by this administration route.
Moreover, intratumoral injection provides a relatively lower
systemic effect caused by off-target accumulation.

Due to the fact that the cell-killing effect of PDT is the result
of the interaction of the photosensitizer with light irradiation
under an appropriate oxygen concentration, it is important to
ensure that the photosensitizer is distributed within the tumor
tissues before applying irradiation. The interval between drug
administration and the light irradiation process is known as the
drug-light interval (DLI). To find the optimum DLI, we per-
formed the biodistribution study by injecting the DiD-labeled
'TPA-MITO-Porter subcutaneously followed by the observa-
tion of particle accumulation in tumor tissues and several main
organs. Based on the biodistribution study, the particles were
retained on the tumor tissues for 12 h with negligible distri-
bution to several other main organs, including the liver, spleen,
lungs, kidneys, and heart (Fig. S1At). Moreover, we observed
a more extensive particle distribution inside the tumor tissues
at 12 h after the injection than after 6 h (Fig. S1B¥). Therefore,
we proceeded with evaluating the antitumor activity of the
I'TPA-MITO-Porter using 12 h as the interval between drug
administration and the light irradiation process, in order to
facilitate the distribution of the particles throughout the tumor
tissues, as well as for promoting cellular uptake and the mito-
chondrial accumulation of rTPA.

As shown in Fig. 5A, B, and S2,} treatment with the rTPA-
MITO-Porter without irradiation or the empty MITO-Porter + L
resulted in negligible antitumor activity, with a %TGI of 4.63%
and 0.94%, respectively. These results indicate that the rTPA-
MITO-Porter is biocompatible in the absence of the photo-
activation process, and also the empty MITO-Porter with
700 nm light irradiation is biocompatible in the absence of rTPA
molecules. In contrast, an efficient and significant inhibition of
tumor growth was observed in the group that had been treated
with the rTPA-MITO-Porter + L, as evidenced by a %TGI of
80.84%. Interestingly, the treatment with free rTPA + L also
showed an inhibition effect on tumor growth, as indicated by
a slight decrease in tumor volume at the end of the observation
day with a %TGI of 29.07%. This can be attributed to the ability
of the rTPA to induce the production of singlet oxygen during
the photoirradiation process. However, the effectiveness of the
free rTPA in inhibiting tumor growth was significantly lower
compared to the rTPA-MITO-Porter, suggesting the importance
of the MITO-Porter as a carrier system for optimizing the
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Fig. 5 The antitumor evaluation on the SAS cell bearing mice after the
single intratumoral administration of HBG, empty MITO-Porter, free
rTPA, and rTPA-MITO-Porter. (A) The profile of the relative tumor
volume of different treatment groups. (B) The representative photo-
graphs of SAS cell bearing mice at the end of the observation period.
(C) Changes in body weight during the observation period. The error
bars indicate S.D. (h = 4-6; n.s. = not significant; *p < 0.05; **p < 0.01
by ANOVA followed by SNK-test).

performance of rTPA. Furthermore, there were no significant
changes in the bodyweight of the animals during the treatment
process (Fig. 5C), indicating the biocompatibility and biosafety
aspects of the treatment. It is also noteworthy that the rTPA-
MITO-Porter also exhibited a significant tumor inhibition rate
in a simultaneous double implant of the EG7-OVA murine
lymphoma mouse model (Fig. S37). These results suggest the
universal use of the rTPA-MITO-Porter as a promising candi-
date for PDT applications. The significant antitumor activity of
the rTPA-MITO-Porter could be associated with the specific
localization of the photochemical reaction inside the mito-
chondrial compartments of tumor cells, regardless of the type
of tumor cells.

Assessment of the mitochondrial membrane potential status
after PDT

After obtaining substantial antitumor activity through a single
PDT treatment with the rTPA-MITO-Porter, the investigation
was continued in an attempt to elucidate the connection
between the antitumor activity of the rTPA-MITO-Porter with
the state of mitochondria of tumors. We hypothesized that the
significant antitumor activity of the rTPA-MITO-Porter during
the photoirradiation process would be correlated with the
formation of ROS specifically in mitochondria, resulting in an
unstable condition inside the mitochondria, which is marked
by the status of the mitochondrial membrane potential.
Therefore, to verify this hypothesis, we performed an evaluation
using tetramethylrhodamine methyl ester (TMRM), a specific
fluorescence probe for detecting the mitochondrial membrane
potential status. Basically, the TMRM tends to accumulate in
healthy mitochondria, resulting in the production of a strong
red-orange fluorescence signal upon excitation. When the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mitochondrial membrane becomes depolarized, the probe is
dispersed in the cytosol, and the fluorescence signal rapidly
disappears.

In this evaluation, tumor tissues from the rTPA-MITO-Porter
and HBG treated mice were collected and stained with a TMRM
solution, followed by detecting the TMRM fluorescence signal
by CLSM observations. As shown in Fig. 6, an intense red
fluorescence signal of TMRM was observed in the negative
control group of the HBG treated mice, indicating that the
mitochondria were healthy. In contrast, the intensity of the
fluorescence signal was dramatically diminished after the PDT
treatment with the rTPA-MITO-Porter, suggesting a decrease in
mitochondrial membrane potential. The fluorescence intensity
was further quantified using the ImageJ software. As a result,
the mean fluorescence intensity of TMRM was determined to be
1.9 times lower for the rTPA-MITO-Porter group in comparison
to the HBG group. This result suggests that the PDT process of
the rTPA-MITO-Porter effectively induced depolarization of the
mitochondrial membrane. This result also further confirms
that the photochemical reaction was localized inside the mito-
chondrial compartment of tumors.

Although the PDT process had a high tumor specificity, this
therapeutic approach is not very effective against deep-seated
tumors. This can be attributed to the difficulty of the photo-
sensitizer to reach and accumulate in such tumors, and the lack
of technology for delivering light to the inner part of the body.
The application of nanotechnology in the PDT field has opened
many innovative issues with the main aim being to improve the
tumor accumulation of the photosensitizer,* particularly in
areas that cannot be reached using a conventional drug delivery
system. Several approaches have been developed to increase the
retention of photosensitizers in tumors, for example, by using
an amphiphilic dipeptide or amino acid to form spherical, self-
assembled nanosized materials.*>** Furthermore, the formation
of supramolecular metallo-nanophotosensitizers also has
promising potential for enhancing antitumor activity with
a stimuli-responsive release feature.*> However, the large-scale
production of nanoparticles remains challenging, particularly
in controlling the quality of nanoparticles, including particle
size, homogeneity, and surface characteristics. The application
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Fig. 6 Mitochondrial membrane potential status after PDT treatment,
evaluated with TMRM. (A) The representative confocal microscopy
images of the excised-tumor tissues from mice treated with HBG and
rTPA-MITO-Porter with a 20 min light irradiation process. Scale bars:
20 um. (B) The mean fluorescence intensity of TMRM, calculated by
Imaged from randomly selected confocal microscopy images. Error
bars indicate S.D. (n = 20; **p < 0.01 by unpaired t-test).
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of microfluidic devices has opened new optimism regarding
upscaling the production of nanoparticles without essential
changes in their physical and functional quality.** We recently
reported the development of a method for the large-scale
production of MITO-Porters encapsulating highly hydrophobic
substances, such as coenzyme Q;o, by applying microfluidic
technology and were able to significantly improve intracellular
trafficking.** Therefore, this technology could be further adop-
ted to realize clinical applications of organelle-specific targeting
PDT, particularly for the rTPA-MITO-Porter.

Conclusions

In summary, we successfully constructed a novel mitochondrial
targeting PDT system, namely the rTPA-MITO-Porter, by
incorporating a m-extended porphyrin-type photosensitizer,
namely rTPA, into a MITO-Porter system. A notable in vivo
antitumor activity was observed by utilizing only a single PDT
process of the rTPA-MITO-Porter with minimal systemic
toxicity, as indicated by the negligible alteration of the body-
weight of the mice during the treatment. The inhibition of the
tumor growth mainly derives from the direct killing effect of the
rTPA-MITO-Porter towards the malignant tissues. Additionally,
the depolarization of the mitochondrial membrane was detec-
ted after the PDT process of the rTPA-MITO-Porter, suggesting
the specific localization of the photochemical reaction inside
the mitochondrial compartment of tumor tissues as well as the
recognition of the mitochondrial delivery of the rTPA
compound. Finally, the findings presented in this research
serve to verify the considerable functions of the MITO-Porter
system as the mitochondrial selective drug delivery system in
advancing the in vivo PDT outcomes as well as the achievement
in realizing the in vivo applications of the organelle-specific
drug delivery technology.
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