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Abstract

This study focused on the intracellular observation of nanocarriers modified with a mitochondrial
targeting signal peptide (MTS). The nanocarriers showed an efficient cellular uptake, and the MTS
had a positive effect on their mitochondrial targeting. This is the first report of an intracellular
observation of nanocarriers modified with MTS.

Main text

Innovative medicine development would be accelerated by the nanocarriers that target a
specific organelle, such as the nucleus, mitochondria, the golgi apparatus, the endoplasmic reticulum,
all of which are promising targets for therapeutic drugs. Mitochondria are intimately involved in
maintaining the homeostasis of vital physiological functions (1) and a dysfunction is a causative
factor in a variety of human diseases (2-4). Thus, mitochondria represent a promising therapeutic
target, and the delivery of a wide variety of molecules have been reported to date (5-7). The use of an
organelle targeting signal tag would make it possible to selectively deliver exogenous proteins and
RNA to mitochondria (8-11). However, the issue of whether these signal tags would be useful ligands
for the targeting of a nanoparticle with a diameter of more than 100 nm to a specific target has not
been demonstrated to date.

In a previous study, we reported on the development of nanocarriers equipped with a
mitochondrial targeting signal peptide (MTS), which permits the selective delivery of certain types
of proteins to mitochondria. The nanocarriers were then used to determine if MTS would be a useful
ligand for the selective mitochondrial delivery of a nanoparticle (12). In that study, using cell
homogenates, we observed that MTS-modified liposomes efficiently accumulated in mitochondria.
While the results indicated that MTS has the potential for functioning as a ligand for nanoparticles,
the utility of such signal tags have not yet been demonstrated in living cells.

The purpose of this study was to validate whether the presence of MTS on a surface of a

nanoparticle enhances their targeting to mitochondria, as well as endogenous mitochondrial proteins



in living cells. We report herein on the intracellular observation of an MTS-modified nanocarrier
using the Dual Function (DF)-MITO-Porter system, which permits the efficient cytosolic delivery of
MTS-modified nanocarriers to be achieved (13-15). We first attempted to develop a DF-MTS-MITO-
Porter modified with MTS, and optimized the preparation. The cellular uptake efficiency of the
carriers was evaluated by means of flow cytometry analyses. Intracellular observations using confocal
laser scanning microscopy (CLSM) permitted us to compare the DF-MTS-MITO-Porter and DF-R8-
MITO-Porter, a conventional DF-MITO-Porter, in terms of mitochondrial targeting.

To observe the intracellular trafficking of MTS-modified nanocarriers, we attempted to
construct a DF-MTS-MITO-Porter, by a high density of octaarginine (R8)-modification to enhance
cellular uptake (16), incorporating an endosome-fusogenic lipid envelope for endosomal escape (17,
18) and the MITO-Porter for mitochondrial delivery (14, 19). The construction of the DF-MTS-
MITO-Porter involved the following three steps: (1) the preparation of a mitochondria-fusogenic
envelope equipped with maleimide polyethylene glycol (Mal-PEG); (2) modification of the envelope
with an MTS-Cys peptide (NH2-MVSGSSGLAAARLLSRTFLLQQNGIRHGSYC) (Hokkaido
System Science Co., Ltd; Sapporo, Japan) to produce a MTS-MITO-Porter; (3) further step-wise
coating with an endosome-fusogenic envelope (Fig. 1A).

We first prepared the MTS-MITO-Porter by the lipid film hydration method, as previously
reported (19), and the particle-diameters and { potentials were determined using Zetasizer Nano ZS
(Malvern Instruments, Herrenberg, Germany). The envelopes were composed of 1, 2-dioleoyl-sn-
glycero-3-phosphatidyl ethanolamine (DOPE)/sphingomyelin (SM)/DOPE-N-[4-(p-
maleimidomethyl)cyclohexane-carboxamide] (Mal-DOPE) [9:2:0.5], and were modified with MTS-
Cys at levels of 0.5, 1.0, 2.5, 5 mol% of the total lipid. DOPE and Mal-DOPE were purchased from
Avanti Polar lipids (Alabaster, AL, USA). SM was purchased from Sigma (St. Louis, MO, USA).
The modification of the MTS peptide resulted in a gradual increase in the diameter of the MITO-

Porter, and aggregation occurred when with MTS exceeded 2.5 mol% (Table S1). This tendency



corresponded to a previous report showing that it is difficult to maintain envelope-structures in the
presence of high densities of the MTS peptide (12). To overcome this problem, we used 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-Mal-PEG (Mal-PEG-DSPE) (Nippon Oil and Fats
Co.; Tokyo, Japan) as an anchor between the MTS-peptide and the envelopes of the MITO-Porter. It
was expected that modifying the surface of the lipid envelope with PEG would increase dispersibility
to inhibit the aggregation that occurred during the preparation of the MTS-MITO-Porter. This
procedure permitted the construction of a MTS-MITO-Porter, with a diameter of less than 100 nm
(Table S1).

While it is well known that MTS has a high mitochondrial targeting activity, no reports
regarding cellular uptake have appeared. In this study, we first investigated the cellular uptake
efficiency of the R§-MITO-Porter and the MTS-MITO-Porter. The cellular uptakes of the carriers
with inner lipid envelopes labeled with 1% 7-nitrobenz-2-oxa-1, 3-diazole (NBD) labeled DOPE
(Avanti Polar lipids) were evaluated using flow cytometry, as previously reported (20). Briefly, the
carriers were added to HeLLa human cervix carcinoma cells (RIKEN Cell Bank, Tsukuba, Japan) (final
inner lipid concentration, 9.2 uM), and the cells were then incubated in serum-free Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen Corporation; Carlsbad, CA, USA) for 1 hr under an
atmosphere of 5% COx/air at 37°C. After the incubation, the cells were then analyzed by using flow
cytometry (FACScan, Becton Dickinson, Franklin Lakes, NJ, USA) and the CellQuest software
(Becton Dickinson). The cellular uptake of the carriers were expressed as the mean fluorescence
intensity, calculated using the Cell Quest software (Becton Dickinson). The percentages of cells with
carriers were also calculated (see Figure S1 for the details). The results show that the cellular uptake
of the MTS-MITO-Porter was significantly lower than that of the R§-MITO-Porter (Fig. 1B), and the
percentages of cells with the MTS-MITO-Porter and the R8-MITO-Porter were 0.3% and 99.7%,
respectively (Fig. S1A), indicating that mitochondrial targeting using the MTS-MITO-Porter in living

cells requires cellular uptake.



To achieve cytosolic delivery of the MTS-MITO-Porter, we attempted to use the DF-MITO-
Porter system. For packaging the MTS-MITO-Porter, the outer envelope had an endosome-fusogenic
composition [DOPE/phosphatidic acid (PA)/Stearyl-R8 (7:2:2, molar ratio)] (17, 18) by the multi-
layering method (Fig. 1A), as previously reported (13, 17). Stearyl R8 was obtained from Kurabo
Industries Ltd (Osaka, Japan) in the purified form. PA was purchased from Sigma. The MTS-MITO-
Porter was packaged with outer envelopes through the membrane fusion of neighboring R8-modified
small unilamellar vesicles (SUVs), triggered by the assembly of the positive charged R8-SUVs (about
+30 mV in Table S2) around the negatively charged MTS-MITO-Porter (about -20 mV in Table 1)
to reverse the surface charge (about +20 mV in Table 1). The conversion of the { potential in the
coating process strongly suggests that the MTS-MITO-Porter was packaged with outer envelopes
modified with R8. While, R8-MITO-Porter was packaged with outer envelopes, triggered by the
assembly of negative charged SUVs (about -50 mV in Table S2) around the positive charged R8-
MITO-Porter (about +50 mV in Table 1), and a stearyl R8 solution (10 mol% of SUV lipid) was then
added to the resulting suspension to modify the outer envelope with RS, as shown in our previously
report (15, 17, 20). As shown in Figure 1C, the efficiencies of cellular uptake for the DF-MTS-MITO-
Porter and DF-R8-MITO-Porter were similar, even though the inner ligands were different. The
percentages of cells with the DF-MTS-MITO-Porter (99.8%) and the DF-R8-MITO-Porter (99.6%)
were similar (Fig. S1B). Based on these results, we concluded that the DF-MITO-Porter system
permitted the efficient cellular uptake the MTS-MITO-Porter.

To evaluate the mitochondrial targeting activity of the MTS-MITO-Porter in living cells, we
observed the intracellular trafficking of the DF-MTS-MITO-Porter in which the inner lipid envelope
was labeled with 1% NBD-DOPE (green) after staining mitochondria red by CLSM, as previously
reported (20). Briefly, the carriers were added to HeLa cells (final inner lipid concentration, 9.2 uM),
and the cells were then incubated in phenol red-free DMEM (Invitrogen) without serum under an

atmosphere of 5% COq/air at 37°C. After a 1-hr incubation, the medium was replaced with fresh



phenol red-free DMEM containing 10 % fetal bovine serum (FBS) (Thermo Scientific, Waltham,
MA, USA), and the cells were incubated in the absence of the carriers for 2 hr. The cells were
observed by CLSM (LSM510, Carl Zeiss Co. Ltd., Jena, Germany) after staining the mitochondria in
the medium containing MitoFluorRed589 (Invitrogen Corporation). We also calculated the
mitochondrial targeting activity of the carriers, as previously reported (20) (see Table S3 for the
details).

As aresult, no signals corresponding to the MTS-MITO-Porter without an outer R8-modified
envelope was observed (Fig. 2B), while the R8-MITO-Porter were observed inside cells and weakly
localized in red stained mitochondria (Fig. 2A). This result is in agreement with the cellular uptake
analysis shown in Figures 1A, 1B. In the case of the DF-MITO-Porter system, both the DF-MTS-
MITO-Porter and the DF-R8-MITO-Porter were co-localized with mitochondria, observed as a
yellow signal (Fig. 2C, D), and the mitochondrial targeting activities of the DF-MTS-MITO-Porter
and DF-R8-MITO-Porter were 24% and 16%, respectively (Table S3). The results indicate that the
MTS peptide functions as a mitochondrial targeting ligand of nanocarriers in living cells, and that the
mitochondrial targeting of the MTS-peptide is enhanced slightly compared with that of the R§-MITO-
Porter.

However, mitochondrial targeting by MTS failed to result in the selective mitochondrial
delivery of nanocarriers that were quite different from that of proteins, which are its original cargoes.
We previously showed that MTS enhanced the mitochondrial targeting of nanoparticles in cell
homogenates (12), however this was not the case, when living cells were used. We conclude that this
contradiction was largely the result of the cell environment, where there are many cytoskeletons and
a high density of cell components inside the cells. MTS selectively imports the original protein to
mitochondria in living cells. While, it would be difficult for MTS to selectively deliver a nanocarrier
to mitochondria, because, in the case of large-sized cargoes, mitochondrial import by MTS might be

inhibited by many intracellular barriers. Thus, the mitochondrial delivery of a nanocarrier by MTS



needs to be improved, in terms of the intracellular dispersibility of the nanocarrier in living cells.
Cytoskeletons such as actin filaments and microtubules, represent a potential tool for delivering a
nanocarrier.

The findings reported herein show that PEG permitted MTS to be combined with a
mitochondrial fusogenic nanocarrier. When used in combination with the DF-MITO-Porter system,
the MTS-MITO-Porter was taken up extensively by cells. Our findings also provide information
regarding the intracellular trafficking of a nanocarrier equipped with an organelle targeting signal tag,
and we found issues for organelle selective targeting of nanocarrier in living cells. If it were possible
to prepare a nanocraft that could specifically target a specific organelle, this would open a new field
of research directed toward therapy for various diseases. Studies directed toward this goal are
currently underway.
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Fig. 1 Schematic diagram of the preparation of the MTS-MITO-Porter and DF-MTS-MITO-Porter
(A). MTS, mitochondrial targeting signal peptide; PEG, polyethylene glycol; STR-RS8, stearyl
octaarginine; R8-SUV, R8-modified small unilamellar vesicles. The cellular uptake of the MITO-
Porter (B) and the DF-MITO-Porter (C) with inner lipid envelopes labeled with 1% NBD-lipids were
evaluated using flow cytometry. Data are represented as the mean + S.D. (n = 3). *Significant

difference (p < 0.01 by one-way ANOVA, followed by Student-Newman-Keuls (SNK) test).
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Fig. 2 Intracellular observation of carriers. The intracellular trafficking of the carriers with inner lipid
envelopes labeled with 1% NBD-lipids (green) was observed using CLSM, after staining the
mitochondria with Mitofluor Red 589 (red). The carrier (green) was observed to co-localize with red
stained mitochondria, observed as a yellow signal. A, MTS-MITO-Porter; B, R8-MITO-Porter; C,

DF-MTS-MITO-Porter; D, DF-R8-MITO-Porter. Scale bars, 10 pm.
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Table 1

Physicochemical properties of the MITO-Porter and the DF-MITO-Porter

;';p;?a::;;‘;?smo" of inuer; eV elopes Diameter (nm) PDI { potential (mV)

Conventional DF Conventional DF Conventional DF
s f;?zl?iﬁmg?-me-nspamscys 9Mx6 102 16 0.324 % 0.070 0.233 +0.006 219 22+18
ﬁf’;ﬁﬁgg’f“"PEG‘DSPE’MTS'C“ 87 5 92+9 0283+ 0024 0206 +0015 -19+11  20+5
DF-R8-MITO-Porter E?;ﬁsws“’“ kRa 117 £15 142 +12 0267 + 0.048 0180 +0.019 54 +6 50 + 9

mean + S.0. n=3-10
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Supplementary data

Fig. S1 Evaluation of the cellular uptake of carriers. Representative flow cytometry histograms of the
cellular uptake of the MITO-Porter (A) and the DF-MITO-Porter (B). Histograms in green and red
indicate MTS-modified carriers and R8-modified carriers, respectively. M1, cells with no carrier
uptake [region corresponding to 99.9% of no treated cells (histogram in black)]. M2, cells with

carriers. The percentages of cells in the region M2 represent the average of three independent

experiments.
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Table S1. Characteristics of MTS-MITO-Porter

Lipid composition of envelopes  MTS modification rate (%)

Diameter (nm)

PDI

0 M7
0.5 99 + 27

1 204 + 190
2.5 3444 + 904
5 5282 + 834

DOPE/SM/Maleimide-DOPE
[9:2:0.5]

0.294 =+ 0.060
0.243 = 0.037
0.396 =+ 0.258
0.824 + 0.183
0.758 = 0.229

DOPE/SM/Maleimide-PEG-DSPE
[9:2:0.5]

0.287 = 0.041
0.324 = 0.070
0.283 =+ 0.024

PDI, polydispersity index. Data are represented by the mean=* S.D. (n = 3-10).

Table S2. Characteristics of SUV and R8-SUV

Lipid compositions Diameter (nm)

PDI

sSuv DOPE/PA (712, molar ratio) 513

R8-SUV DOPE/PA/Stearyl R8 (7/2/2, molar ratio) 90 =6

0.296 = 0.042
0.225 = 0.027

PDI, polydispersity index. Data are represented by the mean= S.D. (n = 4-6).
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Table S3. Mitochondrial targeting activity of DF-MTS-MITO-Porter and DF-R8-MITO-Porter

Mitochondrial targeting activity (%)

DF-MTS-MITO-Porter 24 =8

DF-R8-MITO-Porter 16 =7

Data are represented by the mean= S.D. (n = 4-5).

The mitochondrial targeting activity was calculated, as previously reported (1). Fluorescent and
bright-field images for mitochondria that had been stained were captured, as shown in Figure 2. Each
8-bit TIFF image was analyzed using the Image-Pro plus v.7.0 software (Media Cybernetics, Inc.,
Bethesda, MD) to quantify the total brightness of each region of interest. First, the yellow pixel areas
where carriers (green color) co-localized with mitochondria (red color) were marked in each image.
We then counted only clusters with sizes of more than 10 pixels of the signal area. The yellow and
green pixel areas of each cluster in the mitochondria, si(mt) and the outside of mitochondria, si(out),
were separately summed for each image, and are denoted as S* Z=j(mt), S° Z=j(out), respectively.
The values of S’ Z=j(mt) and S* Z=j(out) in each image were further summed and are denoted as
S(mt) and S(out), respectively. These parameters represent the total amount of carriers inside and
outside the mitochondria in the total cell. Furthermore, the total area of the carrier, denoted as S(tot),
was calculated by integrating the S(mt) and S(out). This value represents the total cellular uptake of

carrier. The mitochondrial targeting activity was calculated as S(mt) divided by S(tot).
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