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a b s t r a c t

The objective of this study is to confirm the methodological feasibility of cationized gelatin nanospheres
(cGNS) to enhance the internalization efficiency of mitochondria (Mt) isolated to cells for their increasing
functions. The cGNS were simply associated on the surface of Mt by the electrostatic interaction.
Different sizes of cGNS were used to allow Mt to associate on the Mt surface (Mt-cGNS). As a control,
cationized gelatin (cG) was used to modify the Mt surface (Mt-cG). The Mt-cG and Mt-cGNS prepared
were cultured with H9c2 cells to examine their internalization. The internalization efficiency signifi-
cantly increased by utilizing cGNS. However, there was no significant difference in the internalization
efficiency among cGNS with different sizes. After incubation of Mt, Mt-cG, and Mt-cGNS, the superoxide
amount and ATP generation were evaluated. Significantly lower superoxide amount and higher ATP
amount were observed for the Mt-cGNS group compared with those of non-modified Mt group. It is
conceivable that cGNS enhance the cellular internalization of Mt, leading to an improve mitochondrial
functions in the recipient cells. In conclusion, cGNS are promising to improve the efficacy in mito-
chondria internalization.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Mitochondria (Mt) are known as the “powerhouse” of cells. They
are involved in multiple important cell functions, such as respira-
tion, biosynthesis, apoptosis, reactive oxygen species (ROS) ho-
meostasis, and metabolism. It has been reported that the
mitochondrial dysfunction often results in many diseases,
including diabetes, neurodegenerative diseases, cardiovascular
diseases, ischemia, spinal cord injury, cancer, and senescence [1e4].
Based on this finding, it is clinically important to find an effective
therapeutic way to rescue the mitochondrial dysfunction.

Recently, the intracellular mitochondrial transfer is observed
under physiological conditions [5e7]. The intact healthy mito-
chondria are transferred from donated cells to recipient cells
through four routes, tunneling nanotubes (TNT), extracellular ves-
icles (EV), gap junction channels (GCJs), and cell fusion [6,8]. It is
well recognized that the mitochondria transferred in the recipient
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cells not only contribute to damaged tissue repair, but also the
inflammation regulation. This phenomenon gives an idea to treat
the mitochondrial dysfunction through the mitochondrial inter-
nalization, which means the transplantation of healthy exogenous
mitochondria to the mitochondria-defected cells.

As one simple way of the mitochondria internalization, isolated
Mt are incubated with the recipient cells to allow them to inter-
nalize to the cells. However, due to the electrostatic repulsion be-
tween the cell and mitochondria membranes, it is technically
difficult to internalize Mt at a high efficiency. Several methods have
been reported to solve this problem. For example, a simple method
named Mito-Ception is reported [9]. The mixture of cells and iso-
lated Mt is centrifuged, leading to an improved cellular internali-
zation of Mt in vitro, irrespective of the cell type. A Mito-Punch
system using a pressure-driven way to achieve highly efficient
and quick cellular internalization of Mt is also reported [10].
However, there still remain some problems that need to be
improved. The methods based on the physical forces often cause
the cell membrane opening which threatens the cell viability. In
addition, the methods are technically challenging for the Mt
internalization in vivo.
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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From the viewpoint of drug delivery system (DDS) technology,
several methods to internalize nuclear acids, proteins, and molec-
ular probes into cells at a high efficiency, have been developed. The
electroporation can assist the cellular internalization of drugs by
puncturing a cell membrane with electrical stimulation [11]. Viral
vectors are used for the highly efficient transfection of pDNA [12].
Lipid or polymer nanoparticles incorporating drugs have been
developed for safe pDNA delivery [13,14]. However, Mt are quite
different from the drugs used in terms of the size. In this connec-
tion, it is difficult to apply the conventional methods for the cellular
internalization of Mt without modification. Therefore, it is neces-
sary to develop techniques suitable for the efficient cellular inter-
nalization of Mt.

Modification of Mt surface seems to be essential to increase the
cellular internalization of Mt. Mt modificationwith cell penetrating
peptides (CPP) is one of the trials to enhance the Mt internalization.
After 48 h incubation, the CPP-modified Mt were delivered to
recipient cells, resulting in the recovery of respiration [15]. On the
other hand, cationic lipids are utilized for the Mt surface modifi-
cation. The coating with an artificial DOTAP/DOPE membrane
permitted Mt to improve the cellular internalization, leading to an
enhanced neuroprotection [16].

Gelatin is a well-known biocompatible and biodegradable ma-
terial. It is derived from collagen and has been widely applied for
food, medicine, and clinical uses, which demonstrates the potential
to be a safety carrier material. Cationized gelatin (cG) was suc-
cessfully synthesized by chemically introducing spermine to the
amino groups of gelatin [17]. With the positive charge, the hydrogel
of cationized gelatin can incorporate the nucleic acids of siRNA [18]
and pDNA [17], to achieves the high efficiency of intracellular
delivery.

The objective of this study is to evaluate whether or not cGNS
are effective in enhancing the cellular internalization of Mt. When
the cGNS were mixed with Mt for their simple association and
cultured with H9c2 cells for 6 h, the cellular interaction was eval-
uated to compare with that of Mt alone and Mt associated with cG.
The Mt functions of scavenging ROS and producing ATP were
assessed before and after the cells cultured with Mt for
internalization.

2. Materials and methods

2.1. Preparation of cationized gelatin (cG) and cationized gelatin
nanospheres (cGNS)

According to the preparation procedure previously reported [19]
the carboxyl groups of gelatin were chemically converted by
introducing amino groups to allow gelatin to cationize. Spermine
was added at a molar ratio of 50 to the carboxyl groups of gelatin
into 50 ml of double-distilled water (DDW) containing 2.0 g of
gelatin (isoelectric point (pI) ¼ 9.0, weight-averaged molecular
weight ¼ 99,000, derived from pig skin, Nitta Gelatin Inc., Osaka,
Japan.). Immediately after that, the solution pH was adjusted to 5.0
by adding 11 M HCl aqueous solution. Next, 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) was added at a molar ratio of 3
to the carboxyl groups of gelatin. The reaction mixturewas agitated
at 37 �C for 18 h, and then dialyzed against DDW for 3 days at room
temperature. The dialyzed solution was freeze-dried to obtain
cationized gelatin (cG). To determine the percentage of amino
groups introduced into gelatin, the conventional 2,4,6-
trinitrobenzene sulfonic acid (TNBS, Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan) method was performed. The percent-
age was 44.5 mol% per the carboxyl groups of gelatin.

cGNS were prepared by the conventional coacervation method
[18]. In brief,1.25ml of cationized gelatin aqueous solution (2.5, 3.25,
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6.25, and 10wt%)waswarmed up to 40 �C. Next, 5 ml of acetonewas
added to the solution, and the coacervate was formed. Then,
glutaraldehyde (25 wt%, 20 ml) was added to chemically crosslink
cGNS for 6 h. For the blocking of aldehyde groups unreacted, 2 ml of
glycine aqueous solution (0.5 M) was added. The resulting solution
was agitated overnight at 40 �C and the residual acetone was
evaporated. cGNS were collected by the centrifugation of 250,000 g
for 30 min at 25 �C and resuspended in DDW. cGNS were resus-
pended in 10 mM phosphate buffered-saline solution (PBS, pH7.4),
and the apparent size of nanospheres was measured by dynamic
light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd.,
Worcestershire, UK). On the other hand, cGNS were resuspended in
10 mM phosphate buffer solution (PB, pH7.4), and the zeta potential
was measured by electrophoresis light scattering (ELS, Zetasizer
Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK).

2.2. Cell culture

H9c2 cardiomyoblasts were obtained from the American Type
Culture Collection (ATCC, Rockville, MD). The H9c2 cells were
maintained in Dulbecco's Modified Eagle Medium (Thermo Fisher
Scientific, Inc., Massachusetts) supplemented with 10 vol% fetal
bovine serum and 1 vol% penicillin/streptomycin mixture. The cells
were incubated at 37 �C in a humidified atmosphere with 5% CO2.
Stably Green fluorescent protein (GFP) expressing H9c2 cells (GFP-
H9c2) were generated to visualize the mitochondria isolated. A
plasmid Su9- EGFP was kindly provided by Dr. Ishihara [20]
(Department of Biological Sciences, Graduate School of Science,
Osaka University). According to the manufacturerʼs protocol, the
pDNA was transfected by using Lipofectamine® 3000 (Thermo
Fisher Scientific, Inc., Massachusetts). After the transfection, cells
were cultured in themedium containing a selective agent, G418, for
3 weeks. Finally, GFP-expressing cells were selected and collected
by Cell Sorter MA900 (Sony Inc., Tokyo, Japan). The Su9-EGFP-
expressing H9c2 cells were stained with the mitochondria-specific
dye MitoBright LT Deep Red (Dojindo, Kumamoto, Japan) or
Hoechst 33,258 (Thermo Fisher Scientific, Inc., Massachusetts). The
expression of GFP in H9c2 cells was observed by a fluorescent mi-
croscopy BZ-X700 (KEYENCE Co., Ltd., Osaka, Japan).

2.3. Isolation of mitochondria (Mt)

Mitochondria were isolated from H9c2 or GFP-H9c2 cells. After
disrupting cells through a 27- gauge needle, the isolation was
conducted based on the research procedure of Maeda et al. [21].
Briefly, cells were ruptured by 20 strokes using a syringe with 27-
gauge needle in homogenization buffer [HB; 20 mM HEPES-KOH
(pH 7.4), 220 mM mannitol 70 mM sucrose 100 mM PMSF (Phe-
nylmethylsulfonyl fluoride). The homogenate was centrifuged at
400 g at 4 �C for 5 min to remove unbroken cells, and the super-
natant was further centrifuged at 6000 g for 5 min to pellet the
isolated Mt-enriched fraction (Mt fraction). The mitochondria iso-
lated from H9c2 cells are defined as Mt, while the mitochondria
isolated from GFP-H9c2 are defined as Mt-GFP. The supernatant
was collected as a cytosolic fraction. The amount of protein in each
fraction was measured by Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Inc., Massachusetts). The purity of mitochondria
obtained was confirmed by detecting a mitochondrial-specific
protein, COXIV, and a cytosol specific protein, a-tubulin as
comparison.

2.4. Preparation of Mt associated with cG and cGNS

The cG and cGNS (5 ml, 1 mg/ml) were added to 95 ml suspension
of Mt (15 mg) and gently mixed, followed by incubation for 10 min
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on ice. The zeta potential was measured by ELS (Zetasizer NanoZS,
Malvern Instruments Ltd., Worcestershire, UK). In addition, Mt
labeled with MitoBright LT DeepRed and cGNS-labeled with FITC
were mixed to allow to associate to each other. The co-localization
was observed by a fluorescent microscopy BZ-X700 (KEYENCE Co.,
Ltd., Osaka, Japan).

2.5. Confocal microscopy to evaluate cellular internalization of Mt

H9c2 cells were seeded in a glass bottom dishes
(diameter¼ 35 mm, Matsunami Glass Industries Ltd., Tokyo, Japan)
(1 � 105 cells/well). After cultured overnight, cells were stained
with 100 nM of MitoTracker™ Red CMRos (Thermo Fisher Scien-
tific, Inc., Massachusetts) for 30 min. And then, the stained cells
were incubatedwithMt-GFP-cGNS for 6 h. The z-stack images were
taken by a confocal laser scanning microscope (FV1000D, Olympus,
Japan).

2.6. Western blotting to evaluate cellular internalization of Mt

H9c2 cells were seeded in each well of 6 multi-well culture
plates (1 � 105 cells/well). After cultured overnight, cells were
incubated with Mt-GFP, Mt-GFP-cG, and Mt-GFP-cGNS for 6 h. And
then, cells were trypsinized and centrifuged (400 g, 3 min, 25 �C) to
collect the cells. The pellets were mixed with the Laemmli buffer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), to prepare the cell
lysate. The amount of GFP in the cell lysates was quantified by the
western blotting. In brief, samples were loaded on Any kD™ Mini-
PROTEAN TGX™ Precast Gels (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and electrophoretically run at 0.02 A for 15min and 0.04 A
for 40 min. Then, the samples were transferred onto a poly-
vinylidene difluoride (PVDF) membrane and blocked with the
blocking solution (Immuno Block™, KAC Co. Ltd., Kyoto, Japan) for
1 h and washed 3 times with Tris-buffered saline solution con-
taining 1 vol% Tween-20 (TBST). For detection, the primary anti-
bodies were added and the membranes were incubated overnight
at 4 �C. The blots were washed 3 times with TBST before incubation
with the HRP-conjugated secondary antibody for 1 h at room
temperature. Finally, membranes were washed 3 times with TBST
and detected using a PierceTM ECL Plus Western Blotting Substrate
(Thermo Fisher Inc., Waltham,MA, USA)with a chemiluminescence
imaging system LAS-4000 (FUJIFILM Co., Tokyo, Japan). The effi-
ciency was calculated as the ratio of the amount of GFP contained in
each sample to that of GFP in the sample cultured with Mt-GFP. The
antibodies used in this study are summarized in Table 1.

2.7. Cytochrome c reduction assay

H9c2 cells (5 � 103 cells/well) were seeded in each well of 96
multi-well culture plate (Corning Inc., Corning, NY, USA) and
incubated overnight. After incubation with Mt, Mt-cGNS (50, 100,
200, and 400) for 6 h, cells were treated with 5 mMmenadione and
0.5 mg/ml cytochrome c in Hankʼs Balanced Salt Solution (HBSS) for
1 h. The absorption at 550 nm was measured by a multi-mode
Table 1
Antibodies used for western blotting analysis.

Antibody Source

Mouse monoclonal anti-COXIV Abcam (Cambridge, UK)
Rabbit polyclonal anti-a-Tubulin Cell Signaling Technology Japan, K
Rabbit polyclonal anti-GFP Abcam
Rabbit monoclonal anti-b-Actin Cell Signaling Technology
HRP-linked goat anti-rabbit IgG Cell Signaling Technology
HRP-linked horse anti-mouse IgG Cell Signaling Technology

192
microplate reader (SpectraMax i3x, Molecular Devices Japan Co.,
Ltd., Tokyo, Japan).

2.8. ATP assay

To determine the activity of isolated Mt, isolated Mt were
separated into three group. One group was associated with cGNS to
prepare Mt-cGNS, while another group was treated with 10 mM of
oligomycin for 20 min. The triplicate samples of Mt, Mt-cGNS, and
oligomycin-treated Mt were added to each well of 96 multi-well
white wall plate (SUMITOMO BAKELITE Co. Ltd. Japan) followed
by adding same volume of CellTiter-Glo® 2.0 reagent (Promega
Corporation, Madison, USA). After mixing on the shaker for 5 min
covered with a aluminum foil, the luminescent signal was stabi-
lized for 10 min and record by Multi-mode Microplate Reader
(SpectraMax i3x, Molecular Devices Japan Co., Ltd., Tokyo, Japan).

H9c2 cells (5 � 103 cells/well) were seeded in each well of 96
multi-well plate (Corning Inc., Corning, NY, USA) and incubated
overnight. After incubation with Mt, Mt-cGNS (50, 100, 200, and
400) for 6 h, the cells were washed with PBS two times. Then, 50 ml
PBS was added to each well, followed by adding 50 ml of CellTiter-
Glo® 2.0 reagent into each well. After mixing on the shaker for
5 min covered with a aluminum foil, 70 ml solution in each well was
removed to each well of 96 multi-well white wall plate to decrease
the crosstalk of the luminescent signal during detection. After
stabilization of the luminescent signal at room temperature for
10 min, the luminescence was recorded by Multi-mode Microplate
Reader.

2.9. Statistical analysis

The data were expressed as the mean ± standard deviation (SD).
All the statistical analysis was performed by using an unpaired t-
test with two tails. Difference with p < 0.05 was considered to be
significant.

3. Results

3.1. Characterization of Su-EGFP-expressing H9c2 cells

Fig. 1 shows the fluorescent images of Su9-EGFP-expressing
H9c2 cells. The red fluorescence of MitoBright LT DeepRed shows
the mitochondria location. The green fluorescence of GFP was
observed, which is corresponding with that of mitochondria. In
addition, the fluorescence of GFP was detected around nuclei
(stained with Hoechst 33,258).

3.2. Characterization of mitochondria isolated

Fig. 2 shows the western blotting result of different cell fractions
obtained during the mitochondria isolation. The COXIV of a
mitochondria-specific protein was not detected in the cytosol
fraction, while small amount of a cytosol-specific protein, a-tublin
was detected in the mitochondria fraction. The purity of
Product number Dilution

ab14744 1:1000
.K. (Tokyo, Japan) 2144S 1:1000

ab290 1:3500
4970S 1:1400
7074S 1:2000
7076S 1:2000



Fig. 1. A. fluorescent images of Su9-EGFP-expressing H9c2 cells stained with MitoBright LT Deep Red: GFP (left), MitoBright LT Deep Red (middle), and co-localization (right) images.
Scale bar is 30 mm. B. fluorescent images of Su9-EGFP-expressing H9c2 cells stained with Hoechst 33,258 Blue: nuclei. Green: Su9-EGFP. Scale bar is 60 mm.
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mitochondria isolated was confirmed. On the other hand, the ATP
amount of isolatedmitochondria increased proportionately with an
increase in the mitochondria amount (Fig. 3).

3.3. Characterization of mitochondria associated with or without
cGNS

Table 2 summarizes the size and potential of cGNS used. The
apparent size of cGNS increased with an increase of cG concen-
tration. The value of zeta potential was positive for any size of cGNS.
Table 3 shows the zeta potentials of Mt-cGNS. After association
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with cGNS, the zeta potentials of Mt increased. The mitochondria
labeled with MitoBright LT DeepRed was co-localized with FITC
labeled cGNS, irrespective of the cGNS size (Fig. 4). In addition,
there was no difference between Mt and Mt-cGNS in terms of ATP
amount (Fig. 5).

3.4. Cellular internalization efficiency of Mt associated with or
without cG and cGNS

Mt-GFPwere detected in every stack of recipient H9c2 cells after
6 h co-incubation (Fig. 6). Fig. 7 shows the efficiency of cellular



Fig. 2. Western blotting images of different fractions obtained by the conventional
differential centrifugation: Mt fraction (Mt), cytosolic fraction (Cytosol), and total cell
extracts (Cell). Anti-COXIV (a) and anti-a-tubulin antibodies (b) are used as the
markers of Mt and cytosol, respectively.

Fig. 3. Relationship between mitochondria amount and the luminescence.

Table 2
Physicochemical properties of cGNS prepared.

Code The concentration of cG added (wt%) Apparent size (nm) Zeta potential (mV)

cGNS(50) 2.50 151.8 ± 0.12a) 6.21 ± 0.71a)

cGNS(100) 3.75 194.4 ± 0.39a) 8.75 ± 0.64a)
cGNS(200) 6.25 197.0 ± 2.26a) 7.51 ± 0.52a)
cGNS(400) 10.0 403.0 ± 4.97a) 6.99 ± 0.21a)

a) Mean ± standard deviation.

Table 3
Zeta potentials of Mt and Mt associated with cG and cGNS.

Sample Zeta potential (mV)

Mt �26.3 ± 1.79a)

Mt-cG �9.09 ± 0.714
Mt-cGNS(50) �14.4 ± 1.59
Mt-cGNS(100) �20.4 ± 0.41
Mt-cGNS(200) �20.4 ± 0.49
Mt-cGNS(400) �20.7 ± 0.62

a) Mean ± standard deviation.
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internalization of Mt and Mt associated with cG and cGNS. The Mt-
GFP internalization was observed in all the Mt-treated groups,
indicating the successful cellular internalization of exogenous Mt.
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Significantly higher amount of GFP was observed for the Mt-cGNS
groups compared with that of only Mt group and Mt-cG groups.
However, there was no significant difference in the internalization
efficiency among any sizes of cGNS.
3.5. Functions of cells internalized with Mt with or without cG and
cGNS

Fig. 8 shows the amount of superoxide anions. In comparison
with the untreated cells, cells treated with menadione generated a
higher amount of superoxide. The amount of superoxide generated
was reduced for the cells incubated with the Mt to a significant
great extent compared with those without treatment. In addition,
the amount in cells incubated with the Mt-cGNS was significantly
less than that of cells incubatedwithMt andMt-cG. No significantly
higher reducing effect than Mt was observed for cells incubated
with Mt-cG, which is different from the Mt-cGNS.

The ATP amount in the cells incubatedwithMt-cGNSwas higher
than that of no treated cells (Fig. 9). Significantly higher ATP
amount was observed after applying 7.5 and 15 mg Mt-cGNS
compared with that of no treated cells. On the contrary, there
was no significant difference between non-treated and 30 mg Mt-
cGNS-cultured cells.
4. Discussion

In present study, we demonstrates the methodological feasi-
bility of a cationized material, cGNS, to enhance the cellular inter-
nalization efficiency of Mt isolated into cells to increase cell
functions. cG and cGNS with different sizes were prepared ac-
cording to the method previously reported [18]. The Mt were iso-
lated from H9c2 cells while the purity and activity of Mt isolated
were experimentally confirmed. The increased zeta potential of Mt
by mixing cG and cGNS revealed the successful association of cG
and cGNS with Mt. Significant higher internalization efficiency was
observed after the internalization of Mt-cGNS compared with that
of Mt-cG. In addition, the internalization of Mt-cGNS allowed cells
to improve the metabolic functions in terms of a decreased su-
peroxide amount and increased ATP production. Mitochondrial
dysfunction is a hallmark of many types of diseases. An artificial
mitochondria transfer gives a new strategy to rescue the mito-
chondrial dysfunction. However, the low transfer efficiency is still
challenging for developing this research field. So far, the technology
to enhance the mitochondria internalization efficiency can be
divided into two categories. The first category is using physical
force to allow more mitochondria to internalize into recipient cells,
for instance, Mito-Ception [9], Mito-Punch [10], and Magneto-
mitotransfer [22]. However, they are challenging for Mt internali-
zation in vivo. Another category is Mt surface modification. Cell-
penetrating peptides [15], cationic ligand conjugated-polymer
[23], and cationic lipid modification [16] has been reported can
enhance the Mt internalization efficiency.



Fig. 4. Fluorescent microscopic images of Mt (a), Mt-cG (b), Mt-cGNS(50) (c), Mt-cGNS(100) (d), Mt-cGNS(200) (e), and Mt-cGNS(400) (f). Magenta: Mt. Green: cG or cGNS. Scale bar
is 5 mm.
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Comparing with other studies, just by a mixing procedure, both
cG and cGNS can be easily modified on Mt surface by the electro-
static interaction. In addition, it is reported that spermine with
secondary amino groups shows a buffering effect to enhance the
endosomal escape [24]. It is conceivable that cG and cGNS with
spermine play a role in the pH-buffering effect to allow Mt to
escape from the endosome. The biodegradability of cGNS was
confirmed in a previous study, but should be optimized for the Mt
internalization in the future.

To evaluate the cellular internalization efficiency of mitochon-
dria isolated, GFP-expressing H9c2 cells were prepared as the
195
exogenous mitochondria source. Although a fluorescence dye is
often used to label mitochondria, mitochondria are dynamically
fussed and fissured, leading to loss of fluorescence signal [25e27].
In addition, a long time incubation might lead to the fluorescence
detaching from mitochondria. As one trial to tackle this issue,
mitochondria genetically labeled with GFP were prepared by
transfecting plasmid to H9c2 cells. The fluorescence of Su9-EGFP
was observed around each nucleus ubiquitously, indicating the
successful selection of stable Su9-EGFP-expressing cells (Fig. 1).

It is well recognized that the surface potential of Mt was nega-
tive, while that of cGNS was positive (Tables 2 and 3). After Mt were



Fig. 5. Luminescence of Mt isolated with and without cGNS coating. Mt treated with
oligomycin are used as a positive control.
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associated with cG or cGNS, their surface potential increased
(Table 3). In addition, it is reported that the size of mitochondria is
around 1 mm. However, the sizes of cGNS used in this study ranged
Fig. 6. A. Fluorescence images of H9c2 cells 6 h after incubation with Mt-GFP-cGNS at differ
bar: 1 mm. B. A 3D image of H9c2 cells incubated with Mt-GFP-cGNS.
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from 50 to 400 nm. It is highly conceivable that cG and cGNS were
attached to the Mt surface through the electrostatic interaction
force, leading to a reducedMt zeta potential. It should be noted that
the association of cGNS did not affect the mitochondrial function
(Fig. 5).(See Tables 4 and 5)

After culture for 6 h, Mt-cGNS were internalized into cells
(Fig. 6). When cells were incubated with Mt-cGNS, the amount of
Mt internalized was about 6 times higher than that incubated with
Mt alone. It is reported that the cellular internalization efficiency of
Mt modified with cell penetrating peptides (CPP) was 2 or 3 times
higher than that of non-modifiedMt [15,28]. Indeed, it is difficult to
compare our result with that result because different cells and
evaluation methods are used. However, it may be concluded that
Mt-cGNS were a promising system for the enhanced cellular
internalization of Mt.

A higher internalization efficiency of Mt-cGNS was observed
than that of Mt-cG. This can be explained in terms of cationic
charges flexibility. It is possible that the cG molecule of water-
soluble polymer is flexible and tightly interacts with the negative
surface of Mt. On the contrary, the positive charge of cGNS is rather
fixed and less flexible because the charge is localized on the surface
of nanospheres. It is likely that in addition to the positive charges
on one side of nanospheres interacting with Mt, the positive
charges on the other side remain to interact with the recipient cells,
leading to an enhanced internalization of Mt into the cells.

No significant difference in the internalization efficiency was
observed among different sizes of cGNS as the Mt carrier. However
the internalization efficiency of Mt-cGNS(400) was relatively lower
than that of other sizes of cGNS. The reason is still unclear. It might
be possible that the larger size of cGNS is easier to contact with
manyMt, to form an increasedMt aggregation, leading to a reduced
Mt internalization. It is reported that isolated Mt are intracellularly
internalized by macropinocytosis [29,30]. It is well known that
macropinosomes range from 0.2 mm to 5 mm. Therefore, the Mt
aggregation would affect the cellular internalization of Mt,
ent z-positions. Red: endogenous mitochondria. Green: exogenous mitochondria. Scale



Fig. 7. A. Western blotting image of cell lysates after cellular internalization of Mt and Mt associated with cG and cGNS. B. Efficiency of cellular internalization of Mt and Mt
associated with cG and cGNS. The value for the Mt group is 1. *, p < 0.05; significant difference from the Mt group, ns; not significant.
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resulting in the relatively lower internalization efficiency of Mt-
cGNS(400). Further investigation is needed to make clear the
internalization mechanism.

There have been reported on two different fates of exogenous
mitochondria in recipient cells. The mitochondria without any
modification might fail in endosomal escape and finally degrade. In
the case of spontaneous mitochondria transfer, mitochondria are
degraded after internalized into other cells [31,32]. This mito-
chondrial transcellular degradation is considered as a more
advanced method to degrade mitochondria and keep the mito-
chondrial homeostasis in recipient cells. On the other hand, in the
case of artificial transfer of mitochondria, it is demonstrated that
most of exogenous mitochondria can effectively fuse with the
197
endogenous mitochondrial network, while some of mitochondria
are destined to degrade [33]. In our study, the amino groups are
chemically introduced in cG and cGNS by reacting with spermine. It
is recognized that the secondary amino groups show the pH buff-
ering effect, which may lead to the endosomal escape of Mt-cG and
Mt-cGNS. The cG and cGNS will gradually be degraded while the
exogenous mitochondria will fuse into original mitochondria
network. The fusion of mitochondria enlarges and rearranges the
component inside the original mitochondria network, promoting
the weak mitochondria to be excluded from the newmitochondrial
network which result in an increase of mitochondrial function
[5,34e36]. After the mitochondria transfer, the total volume of
mitochondria and metabolic fitness of chimeric antigen receptor



Fig. 8. The amount of superoxide generated from cells by the menadione treatment. The value of cells treated with menadione is 1. *, p < 0.05; significant difference between the
two groups, ns; not significant.

Fig. 9. ATP amount of cells 6 h incubated with 7.5, 15, and 30 mg Mt associated with
cGNS. *, p < 0.05; significant difference from the value of mitochondria amount 0 mg,
ns; not significant.

Table 4
Treatments of samples.

Mt e þ þ þ
Carrier material e e cG cGNS

Table 5
Treatments of samples.

Treatment e Mt Mt-cG Mt-cGNS (50) e

Menadione þ þ þ þ e
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(CAR) T-cell are improved [37]. Coincidentally, the internalization
of exogenous mitochondria into adipose-derived mesenchymal
stem cells switches the metabolism method from OXPHOS to
glycolysis [38]. In this study, the recipient cells used are healthy
H9c2 cells. Therefore, an enhancement of metabolic abilities after
internalizing mitochondria will be expected.

In this study, as two functions of mitochondria, the ability to
maintain the homeostasis of ROS, and the ability to produce ATP.
Mitochondria are known as the main source of reactive oxygen
species (ROS) [39]. Nearly 90% of ROS are generated in the mito-
chondrial electron transportation chain. During the process of
oxidative phosphorylation, an electron transfer and the interaction
with molecular oxygen to form superoxide mainly in mitochondria
complex I and III. On the other hand, mitochondria have an anti-
oxidant enzyme system to eliminate ROS. Superoxide dismutase
(SOD) and catalase convert superoxide to hydrogen peroxide in
mitochondrial intermembrane space and mitochondrial matrix,
respectively. Non-enzymatic antioxidants, such as ubiquinol,
þ þ þ
(50) cGNS (100) cGNS (200) cGNS (400)
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vitamin C, and uric acid, also assist to eliminate ROS [40]. By
keeping the balance between the production and elimination of
ROS, the oxidative stress does not occur in healthy cells. Menadione
is often used to prepare the oxidative stress and post-ischaemic
damage models by generating superoxide anion [41,42]. After
treated with menadione, cells generated superoxide, and the
amount of superoxide was significantly higher than that of cells
incubated with Mt, Mt-cG, and Mt-cGNS (Fig. 8). This result in-
dicates that the internalization of Mt assisted to scavenge ROS,
which is well correspondingwith previous reports [43]. Zhang et al.
demonstrate that via increasing the ATP supplement and reducing
the subsequent activation of apoptosis signaling pathway, the
mitochondrial internalization can accelerate ROS scavenging [44].
After the Mt internalization, the level of catalase antioxidant
enzyme and the SOD2 protein expression were found upregulated,
which contributes to the inhibition of ROS production [45,46].
Combined with the previous result (Fig. 7), we can say with cer-
tainty that a higher amount of Mt internalized into cells leads to a
higher ability to scavenge superoxide.

ATP generation is one of the most essential functions of mito-
chondria. Around 95% of ATP is produced by mitochondria. It is
likely that the internalization of healthy mitochondria gives more
ATP producer to cells to assist ATP production. After mitochondria
internalization, the ATP production significantly increased
compared with that of non-treated cells (Fig. 9). It is possible to
consider that exogenous Mt function to enlarge the original mito-
chondrial network and consequently promote the mitochondrial
ability of ATP production. However, this enhancement of ATP pro-
duction was not in a dose-dependent manner. Assuming 100%
applied Mt were internalized, these results indicated that there is a
preferable range of exogenous Mt doses for internalization. It has
been reported that as few as 100 cells were sufficient to rescue
1 cell clone via intracellular mitochondrial transfer [5]. According to
this report, Chang and his group report that the applied Mt amount
which lower than 21 mg/105 cells or higher than 105 mg/105 cells
was ineffective for restoring the mitochondria membrane potential
in MERRF cybrid cells under peptide-mediated mitochondrial de-
livery [47]. Another research demonstrate that the neuroprotection
of oxygen-glucose deprivation cells peaked under the treatment
with an Mt dose of 50 mg/105 cells in vitro [16]. In this study, the Mt
doses applied were 7.5, 15, and 30 mg/105 cells. However, the rescue
effect of Mt internalizationwith the doses of 7.5 and 15 mg/105 cells
was still observed in this study (Fig. 9). It might be due to the
recipient cells being healthy which do not require much more Mt
supplement. Meanwhile, the enhancement of Mt internalization
using cGNS as a carrier might also contribute to this effect. For
further research to understand the Mt internalization mechanism
and optimize the dose of Mt to apply, Mt-deficient cells should be
used as the recipient cells.

Mitophagy plays an important role in controlling the quality of
mitochondria. Inducing mitophagy is one of the methods to cure
the dysfunction mitochondria. It is reported that the presence of
healthy mitochondria is required to proceed this process [48]. cGNS
used as a potential tool to deliver healthy mitochondria also utilize
the carrier of drug release. The controlled release mitophagy-
inducing drugs may be attraction for this research area. Further
investigation will be proceeded to make clear underlying
mechanism.

5. Conclusion

Mitochondria internalization is an innovative strategy for the
mitochondria dysfunction treatment. This study demonstrate that
cGNS enabled to enhance the intracellular uptake of exogenous Mt,
leading to the recovery of Mt functions. By the cGNS association
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with Mt, the internalization efficiency of Mt significantly increased.
With an increased amount of Mt internalizing into cells, the cells
functions of scavenging ROS and generating ATP were enhanced. In
conclusion, cGNS are potential carriers to improve the therapeutic
efficacy of mitochondria internalization.
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