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Abstract Leber’s hereditary optic neuropathy (LHON) is an ocular mitochondrial disease that involves

the impairment of mitochondrial complex I, which is an important contributor to blindness among young

adults across the globe. However, the disorder has no available cures, since the approved drug idebenone

for LHON in Europe relies on bypassing complex I defects rather than fixing them. Herein, PARKIN

mRNA-loaded nanoparticle (mNP)-engineered mitochondria (mNP-Mito) were designed to replace

dysfunctional mitochondria with the delivery of exogenous mitochondria, normalizing the function of

complex I for treating LHON. The mNP-Mito facilitated the supplementation of healthy mitochondria

containing functional complex I via mitochondrial transfer, along with the elimination of dysfunctional

mitochondria with impaired complex I via an enhanced PARKIN-mediated mitophagy process. In a

mouse model induced with a complex I inhibitor (rotenone, Rot), mNP-Mito enhanced the presence of

healthy mitochondria and exhibited a sharp increase in complex I activity (76.5%) compared to the group

exposed to Rot damage (29.5%), which greatly promoted the restoration of ATP generation and mitiga-

tion of ocular mitochondrial disease-related phenotypes. This study highlights the significance of nanoen-

gineered mitochondria as a promising and feasible tool for the replacement of dysfunctional mitochondria

and the repair of mitochondrial function in mitochondrial disease therapies.
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1. Introduction
Mitochondrial diseases are a group of threat disorders involving
inherited or acquired impairments of mitochondrial function1,2.
Leber’s hereditary optic neuropathy (LHON) is a typical and
aggressive ocular mitochondrial disease caused by dysfunction of
complex I in the mitochondrial respiratory chain, leading to
blindness, especially in young individuals3,4. Both blocked energy
production and an increase in mitochondrial reactive oxygen
species (mtROS) are the potential consequences of the impairment
of complex I in LHON, contributing to mitochondrial dysfunction
and central vision degeneration5. Although idebenone had been
approved as adjuvant therapy for LHON in Europe, it relies on
bypassing complex I defect rather than fixing the dysfunction of
complex I6,7. Except for idebenone, there is no other efficient
curative treatment for LHON in the clinic. Hence, current treat-
ments are unmet clinical needs for LHON patients. There are
some preclinical gene therapy studies for LHON based on allo-
topic expression, which import DNA into the nucleus and then
guide the translated protein into the mitochondria to recover
protein function (ClinicalTials.gov: NCT03293524, NCT02161
380, and NCT03428178). In addition, given the intricate
involvement of mitochondria in diverse metabolic networks, some
mitochondria-targeted therapies, such as introducing a specific
factor into mitochondria for the restoration of complex I, that alter
mitochondrial inherent processes could potentially trigger cell
death8e11. Therefore, safe and efficient complex I restoration
strategies are urgently needed for the treatment of LHON.

It is reported that the transfer of mitochondria between healthy
and damaged cells through various mechanisms is a spontaneous
way to replenish functional mitochondria in damaged cells and
rescue damaged cells12,13. Inspired by this spontaneous process,
mitochondrial transfer therapy emerges as a promising strategy to
supply healthy mitochondria to damaged cells for enhancing
mitochondrial function, which shows clinical and preclinical suc-
cesses in the treatment of mitochondrial diseases14,15. Accumu-
lating evidence shows that damaged and healthy mitochondria
coexist in cells, and the dysfunctional mitochondrial contents
tightly correlate with the disorder severity of mitochondrial
diseases16e18. Transferring exogenous healthy mitochondria into
damaged recipient cells lowers the ratio value of damage to healthy
mitochondria19. It is an easier approach for replacing the dysfunc-
tional complex I than other mitochondria-targeted techniques
repairing complex I function, such as mitochondria-targeted nano-
particles and mitochondria-targeted gene editing20e25. Replacing
the dysfunctional complex I in damaged mitochondria with exog-
enous mitochondria may be a prospective strategy in LHON
treatment. Exogenous mitochondria could be engulfed into
damaged recipient cells via coculture26. Despite it being a simple
process, the limited mitochondrial transfer efficiency due to the
electrostatic repulsion-based barrier is still a challenge of mito-
chondrial transfer therapy in clinical application27e29. Moreover,
within the same cells, damaged mitochondria carrying dysfunc-
tional complex I remain exist. The accumulation of damaged
mitochondria is not conducive to the restoration of mitochondrial
functions and the remission of disease progression18,30e33. There-
fore, enhancing the efficiency of mitochondrial transfer and mini-
mizing damaged mitochondria are pivotal endeavors to amplify the
therapeutic effectiveness of mitochondrial transfer in LHON.

Herein, we designed PARKIN mRNA-loaded nanoparticle-
engineered mitochondria (mNP-Mito) that promoted delivery
efficiency of healthy exogenous mitochondria and mitophagy of
damaged mitochondria, which rejuvenated the functionality of
complex I for treating LHON. Briefly, normal cells and mouse
heart tissues with a rich number of mitochondria were used as
donors for the extraction of exogenous mitochondria. Consid-
ering the risk of damaged mitochondria carryover, mNP-Mito
was constructed by adhesion PARKIN mRNA-loaded Lipofect-
amine 2000 nanoparticles (mNPs) to the surface of healthy
mitochondria (Mito) through the electrostatic interaction
(Fig. 1A). Because the dysfunction of complex I is an essential
pathogenic factor for LHON, complex I inhibitor (rotenone,
Rot)-induced cell and mouse model were introduced as proof-of-
concept models to investigate the curative effect of mNP-Mito-
mediated mitochondrial transfer. In Rot-induced cells,
mNP-Mito was internalized into cells by macropinocytosis, and
the exogenous mitochondria in mNP-Mito increased the pro-
portion of healthy mitochondria with functional complex I. In
addition, the modification of mNPs maintained exogenous
mitochondrial activity in mNP-Mito and promoted mitophagy of
damaged mitochondria. The synergistic regulation of healthy and
damaged mitochondrial populations mediated by mNP-Mito
restored the function of complex I and rescued cells from Rot
damage (Fig. 1B). After intravitreal injection, mNP-Mito
increased the activity of complex I and repaired the generation
of ATP in the retina, and reverted disease-related molecular and
biochemical phenotypes in Rot-induced experimental LHON-
like mouse model. Our findings propose that employing nano-
engineered mitochondria to restore mitochondrial function rep-
resents a viable and safe therapeutic strategy for addressing
LHON and other mitochondrial diseases.
2. Materials and methods
2.1. Materials

Lipofectamine™ 2000 (11668030), MitoTracker Green probe
(M7514), MitoTracker Red probe (M7512), and MitoSOX
(M36009) were purchased from Invitrogen (Carlsbad, CA,
USA). Mitochondrial Isolation Kit (MP-007) was bought from
Invent Biotechnologies (Plymouth, MN, USA). Tissue Mito-
chondria Isolation Kit (C3606), Mitochondrial Membrane Poten-
tial Assay Kit with JC-1 (C2006), and ATP Assay Kit (S0026)
were gained from Beyotime (Shanghai, China). PARKIN-specific
mRNA was synthesized by RiboBio (Guangzhou, China). The
mRNA labeled with Cy3 or Cy5 fluorophore was custom-made by
APExBIO (Houston, TX, USA). Rotenone (R105077) was pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Dulbecco’s Modified Eagle Medium
(KGL1206-500), and BCA Detection Kit (KGB2101-250) were
obtained from KeyGEN BioTech (Nanjing, China). Janus green-b
(G1570) and Mitochondrial Complex I/NADH-CoQ Reductase
Activity Assay Kit (BC0510) were obtained from Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). DNA Extraction
Kit and SYBR Green PCR Master Mix (DP304) were purchased
from TIANGEN Biotech Co., Ltd. (Beijing, China). Calcein-AM/
PI Double Stain Kit (40302ES50) was obtained from Yeasen
Biotechnology Co., Ltd. (Shanghai, China). Chlorpromazine
(CPZ), genistein (GEN), and amiloride (Ami) were obtained from
J&K Chemical (Beijing, China). FAS eye fixation fluid was pur-
chased from Servicebio (Wuhan, China).



Figure 1 The mNP-Mito restores mitochondrial functions for ocular mitochondrial disease treatment. (A) Design of mNP-Mito through

attaching PARKIN mRNA-loaded nanoparticle to exogenous mitochondria; (B) The mNP-Mito restores complex I function by replacing

dysfunctional mitochondria with healthy exogenous mitochondria.
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NDUFB8 Rabbit Antibody (1:1000, ET7108-25) and
UBIQUITI Rabbit Antibody (1:1000, ER31212) were gained from
HuaBio (Hangzhou, China). b-Actin Mouse Monoclonal Antibody
(1:1000, AF2811) was purchased from Beyotime (Shanghai,
China). Anti-Complex I Antibody (1:1000, ab109798) and LC3B
Mouse Monoclonal Antibody (1:1000, ab243506) were obtained
from Abcam (Cambridge, England). FITC/Cy3 Goat Anti-Mouse
IgG (HþL) (1:100, AS008/AS007), PARKIN Rabbit pAb (1:1000,
A0968) and COX IV Rabbit pAb (1:1000, A6564) were purchased
by ABclonal (Wuhan, China).

2.2. Cell culture

HeLa cell line was obtained by Cell Bank (Shanghai, China).
HeLa cell lines with mitochondrial complex I damaged were
generated using 0.1 mmol/L Rot as previously described34e36. The
HeLa cells with or without Rot treatments were cultured in
DMEM containing 10% fetal bovine serum, penicillin, and
streptomycin.

2.3. Animal model

BALB/c mice were purchased from the East China Normal Uni-
versity Laboratory Animal Technology Co., Ltd. (Shanghai,
China). All experimental procedures were executed according to
the protocols approved by China Pharmaceutical University Ani-
mal Care and Use Committee (2021-11-009).

For the Rot-induced experimental LHON-like mouse model,
BALB/c mice were anesthetized and treated with 3 mL 1, 2.5, or
5 mmol/L Rot (solvent: trilaurin) by intravitreal injection35e38.
The vehicle group was treated with 3 mL trilaurin.

2.4. Preparation and characterization of mNP-Mito

2.4.1. Preparation of mNP-Mito
The mNP-Mito was prepared by adhering to mNPs on the surface
of extracted exogenous mitochondria. In brief, we isolated
exogenous mitochondria with 40 mg mitochondrial proteins from
6.32 million HeLa cells according to the protocol of Mitochon-
drial Isolation Kits. The mNPs were constructed through adding
1 mg PARKIN mRNA into 2 mL Lipofectamine™ 2000. After
incubation for 0.5 h at 4 �C, the prepared mNPs were mixed with
exogenous mitochondria. The mNP-Mito were prepared after
centrifugation (Dragon Laboratory Instruments Limited, D3024R,
Beijing, China) at 16,000�g for 20 min to remove free mNPs. The
average hydrodynamic sizes in the Mito and mNP-Mito groups
were analyzed via dynamic light scattering (DLS, Brookhaven,
ZataPlus, Upton, NY, USA), and the zeta potentials were also
detected through Nano ZS Zetasizer DLS analyzer. The mNP-
Mito were constructed by the binding of mNPs (0.05 mg PAR-
KIN mRNA/eye) and exogenous mitochondria (10 mg/eye)
extracted from 483.39 mg heart tissues of BALB/c mice in in vivo
studies.

2.4.2. Determination of the mRNA contents in mNP-Mito
For determination of the mRNA contents in mNP-Mito, mRNA
labeled with Cy3 fluorophore was loaded in mNPs to further
construct Cy3-mNP-Mito. After 30 min of incubation and 20 min
of centrifugation (16,000�g, Dragon Laboratory Instruments
Limited), the sediment was collected and resuspended with PBS.
The fluorescence intensity (FI) of Cy3-mRNA in the sediment and
supernate was analyzed by a multi-mode microplate reader (Mo-
lecular Devices, SpectraMax ID5, San Jose, CA, USA). The
amount of loaded Cy3-mRNA was calculated by FI of Cy3-
mRNA.

2.4.3. Visualization of the adhesion of mNPs and isolated
mitochondria
Cy3-mRNA (1 mg) was mixed with exogenous mitochondria
(40 mg mitochondrial proteins) labeled with MitoTracker Green.
The mNP-Mito and Mito were respectively seeded into the 35 mm
glass bottom dishes, and the images were recorded by inverted
fluorescence microscopy (Nikon, Tokyo, Japan) and grazing
incidence structured illumination microscopy (GI-SIM, Carl
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Zeiss, Jena, Germany). Furthermore, the morphology of mNP-
Mito was determined by scanning electron microscopy (SEM,
Hitachi, Tokyo, Japan).

2.4.4. Detection of the exogenous mitochondrial activity
Janus green-b staining was carried out to examine the function-
ality of mitochondria after binding with mNPs. The images of
extracted mitochondria with or without mNPs were collected by
inverted fluorescence microscopy (Nikon). For the mitochondrial
membrane potential (MMP) of mitochondria, the Mito group and
mNP-Mito were stained with Mitochondrial Membrane Potential
Assay Kit with JC-1 after Days 0, 1, and 3 of storage. The FI of
the JC-1 probe was detected by multi-mode microplate reader
(525 nm, Molecular Devices).

2.4.5. Stability of mNP-Mito
Cy3-mNPs were adhered to extracted mitochondria for Day 0 or 1
in PBS. Then, the solutions were centrifugated for 20 min at
16,000�g (Dragon Laboratory Instruments Limited). The super-
nates were detected by a multi-mode microplate reader (Molecular
Devices), and the sediments were resuspended in Heparin solution
for 30 min to replace the Cy3-mNPs on the surface of mito-
chondria. After 16,000�g centrifugation (Dragon Laboratory In-
struments Limited) for 20 min, the supernate and sediment were
analyzed by a multi-mode microplate reader (Molecular Devices)
to calculate the contents of mRNA shedding from mNP-Mito and
the contents of mRNA internalized into extracted mitochondria
after different storage times.

2.5. Cellular internalization of exogenous mitochondria and
mRNA

The normal donor HeLa cells were stained with MitoTracker
Green/MitoTracker Red, and the MitoTracker Green/MitoTracker
Red-labeled exogenous mitochondria were extracted after a series
of rinses and centrifuges. And then, the Cy5-mRNA was loaded
into Cy5-mNPs. Cy5-mNP-Mito was constructed by attaching
Cy5-mNPs to MitoTracker Green/MitoTracker Red-stained iso-
lated mitochondria.

HeLa cells were cultured into 24-well plate or 35 mm glass
bottom dishes (1� 105 cells/well) and then treated with 0.1 mmol/L
Rot. After 24 h, the Rot-treated HeLa cells were respectively
cultured with Cy5-mNP (0.4 mg/mL Cy5-mRNA), Cy5-mNP-1.5
(0.6 mg/mL Cy5-mRNA), Mito (80 mg/mL mitochondrial proteins)
and Cy5-mNP-Mito (80 mg/mL mitochondrial proteins and
0.4 mg/mL Cy5-mRNA). After 1, 4, or 24 h, the cells were
collected. The mean fluorescence intensity (MFI) of MitoTracker
Green/Red and Cy5-mRNA were analyzed by flow cytometry
(BD Biosciences, San Jose, CA, USA) and the images were
recorded by CLSM (LSM 700, Carl Zeiss, Jena, Germany).

The dose of mNP-Mito in vitro depended on the number of
recipient cells. In the in vitro experiments of this study, unless
otherwise specified, when the number of recipient cells was
1 � 105 cells/well, the administration dosage of mNP-Mito was
80 mg/mL mitochondrial proteins and 0.4 mg/mL Cy5-mRNA.

2.6. Cellular uptake mechanism study of mNP-Mito

For the mechanism of cellular uptake, Rot-treated cells in a 24-
well plate (1 � 105) were covered with different cellular uptake
inhibitors for 1 h, including 8.5 mg/mL CPZ, 56.75 mg/mL GEN,
and 0.133 mg/mL Ami. Then, Cy5-mNP and Cy5-mNP-Mito were
respectively added to a 24-well plate for 4 h. Flow cytometry (BD
Biosciences) was used to evaluate the MFI of Cy5-mRNA.

2.7. Live cell imaging system

The normal donor HeLa cells were stained with MitoTracker Red,
and the MitoTracker Red-labeled exogenous mitochondria were
extracted after a series of rinses and centrifuges. The MitoTracker
Red labeled mNP-Mito was prepared by attaching Cy5-mNPs to
MitoTracker Red-stained isolated mitochondria.

The Rot-treated HeLa cells were cultured in the 35 mm glass
dish (1 � 105 cells/well) and labeled using MitoTracker Green
probe. Then, cells were treated with mNP-Mito for 4 h. The mode
of live cell imaging in CLSM (Carl Zeiss) was performed to
capture the cellular uptake of mNP-Mito.

2.8. Cellular internalization of exogenous mitochondria by
CLSM (Carl Zeiss)

The normal donor HeLa cells were stained with MitoTracker
Green, and the MitoTracker Green-labeled exogenous mitochon-
dria were extracted after a series of rinses and centrifuges. The
MitoTracker Green-labeled mNP-Mito was prepared through the
binding of mNPs and MitoTracker Green-labeled exogenous
mitochondria.

To explore the location of exogenous mitochondria and total
cellular mitochondria in vitro, HeLa cell lines were incubated
within a 35 mm glass dish (1 � 105 cells/well). After incubation
for 14 h, HeLa cells were treated with Rot for 24 h and respec-
tively cultured with mNP, mNP-1.5, MitoTracker Green-marked
Mito, and MitoTracker Green-marked mNP-Mito for 24 h. Sub-
sequently, total mitochondria within HeLa cell lines were stained
with MitoTracker Red probe. CLSM (Carl Zeiss) was used to
record the images in various treatment groups. The green fluo-
rescence in CLSM images was exogenous mitochondria. The red
fluorescence spots presented the total mitochondria within recip-
ient cells, including endogenous mitochondria and internalized
exogenous mitochondria.

2.9. Detection of mitophagy

The expression levels of PARKIN, LC3B, and mitochondrial
PARKIN proteins were explored through Western blot assays.
Rot-treated HeLa cells were cultured in the 6-plate or 10 cm
culture dishes. The mNP, mNP-1.5, Mito, and mNP-Mito were
incubated with Rot-treated HeLa cells for 24 h. The cellular or
mitochondrial proteins were extracted through the whole cell lysis
assay, and protein concentration was ascertained using the BCA
Protein Assay Kit. The samples were respectively incubated with
different antibodies, including PARKIN Rabbit pAb and LC3B
Mouse Monoclonal Antibody. In addition, b-Actin Mouse
Monoclonal Antibody and COX IV Rabbit pAb were used for
cellular protein and mitochondrial protein reference antibodies.
The band was collected using the chemiluminescence imaging
system (5200, Tanon, Shanghai, China). The band intensity of
PARKIN and b-Actin/COX IV proteins was quantified using in-
tegrated density value by ImageJ software (National Institutes of
Health, NIH, Bethesda, MD, USA).
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2.10. Function of mitochondrial complex I in vitro

2.10.1. Mitochondrial complex I activity
HeLa cells were cultured with 0.1 mmol/L Rot for 24 h, and
different treatment groups were added to 6-well plate for 24 h. The
cells were collected, and the complex I activity was detected by
the Mitochondrial Complex I/NADH-CoQ Reductase Activity
Assay Kit according to the protocols.

2.10.2. Mitochondrial complex I content
HeLa cells were collected after being treated with various groups,
and immunofluorescence in fixed HeLa cells was carried out to
detect the localization of complex I proteins. The antibodies were
used as follows: anti-complex I antibody (1:1000) and FITC goat
anti-mouse IgG (HþL) (1:100). The photos were recorded using
CLSM (Carl Zeiss). FI of mitochondrial complex I proteins in
immunofluorescence images was calculated using ImageJ software.

2.10.3. Expression of mitochondrial protein within complex I
Expression of mitochondrial protein (NDUFB8) was assessed via
Western blot assay. Cell proteins in different Rot groups were
extracted from HeLa cells by the whole cell lysis assay. The whole
protein contents were tested by the BCA Detection Kit. Anti-
NDUFB8 recombinant rabbit monoclonal antibody (1:1000) and
b-Actin mouse monoclonal antibody (1:1000) were cultured with
the bands. The band intensity of NDUFB8 and b-ACTIN proteins
was quantified using integrated density value by ImageJ software.

2.11. MMP detection

To evaluate the change of MMP in Rot-treated HeLa cells,
0.1 mmol/L Rot-treated HeLa cells were cultured in the 35 mm
glass bottom dishes (1 � 105 cells/well) or 24-well plate
(1 � 105 cells/well). After 24 h, the cells from different treatment
groups were stained by Mitochondrial Membrane Potential Assay
Kit with JC-1 at 37 �C for 15 min. Then, the images were
observed by CLSM (Carl Zeiss) at 525 nm and 490 nm excitation.
In addition, a multi-mode microplate reader (Molecular Devices)
was used to record the FI of JC-1 aggregates at 525 nm.
Normalized FI was shown in Eq. (1):

Normalized FIZ
FI of JC-1 aggregates

Cellular whole protein contents
ð1Þ

2.12. ATP contents assay in vitro

HeLa cells were plated in a 6-well plate (2 � 105 cells/well)
overnight and treated with 0.1 mmol/L Rot for 24 h. The Rot-
treated HeLa cells were covered with mNP, mNP-1.5, Mito, and
mNP-Mito for 24 h. The levels of the ATP generation were esti-
mated by ATP Bioluminescent Assay Kit, and the chemilumin-
ometer (Luminoskan Ascent, ThermoFisher Scientific, Waltham,
MA, USA) was used to detect the luminescence in various groups.

2.13. Mitochondrial ROS level detection

35 mm glass dishes were used to culture HeLa cells (1 � 105 cells/
well) for 14 h and treated with 0.1 mmol/L Rot for 24 h. The Rot-
treated HeLa cells were cultured with mNP, mNP-1.5, Mito, and
mNP-Mito. After incubation of 24 h, MitoSOX (0.5 mmol/L) as a
mitochondrial ROS probe was carried out to assess the mito-
chondrial ROS level by CLSM (Carl Zeiss).

2.14. Live/dead cells double stain

After HeLa cells were treated with 0.1 mmol/L Rot for 12 h,
various formulations were added into Rot-treated HeLa cells for
8 h. Then, the medium was removed, and cells were treated with a
Calcein-AM/PI Double Stain Kit. The images were recorded using
inverted fluorescence microscopy (Nikon) and shown by ImageJ
software.

2.15. Internalization of exogenous mitochondria in vivo

The normal heart tissues of BALB/c mice were stained with
MitoTracker Green, and the MitoTracker Green-labeled exoge-
nous mitochondria were extracted after a series of rinses and
centrifuges. The mNP-Mito was prepared through the binding of
Cy3-mNPs and MitoTracker Green-stained mitochondria.

Given the distribution of MitoTracker Green-labeled Cy3-
mNP-Mito in vivo, Cy3-mNP-Mito (10 mg mitochondrial proteins/
eye and 0.05 mg Cy3-mRNA/eye) were injected into normal
BALB/c mice. After 24 h, the eyes from BALB/c mice were
analyzed using fluorescent photos.

2.16. Therapeutic effect of mNP-Mito in Rot-induced
experimental LHON-like mouse model

2.16.1. Flowchart of mNP-Mito treatment
To establish a Rot-induced experimental LHON-like mouse
model, BALB/c mice were anesthetized, and 3 mL 2.5 mmol/L Rot
was injected into the vitreous chamber. After Days 3 and 10, the
mice were assigned to different formulations, including vehicle,
mNP (0.05 mg PARKIN mRNA/eye), mNP-1.5 (0.075 mg PARKIN
mRNA/eye), Mito (10 mg mitochondrial proteins) and mNP-Mito
(10 mg mitochondrial proteins and 0.05 mg PARKIN mRNA/eye).
Subsequent pharmacological studies were conducted on Day 17
post-modeling.

2.16.2. H&E staining, ATP contents assay, and detection of
complex I function in retina
After various treatments, eyes from various treatments were
gathered in eye fixation fluid, and longitudinal retinal sections
were prepared for H&E staining. The thickness of the retina in
H&E sections was analyzed by the CaseViewer software
(3DHISTECH, Budapest, Hungary). In addition, retinal tissues
were rapidly ground in lysis buffer, and the levels of ATP gen-
eration in different groups were assessed using ATP Biolumines-
cent Assay Kit. Mitochondrial complex I in retinal layers was
assessed according to “2.10.1. Mitochondrial complex I activity”
and “2.10.3. Expression of mitochondrial protein within complex
I”.

2.16.3. Mitophagy in retinal tissues detected by Western blot
assay
After various treatments, eyes from various treatments were
gathered, and retinal tissues were rapidly grinded in a lysis buffer.
The levels of PARKIN proteins and mitochondrial PARKIN pro-
teins within retinal tissues were referred to as “2.9. Detection of
mitophagy”. The images of immunofluorescence staining of
PARKIN proteins were shown using Pannoramic MIDI/250
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(3DHISTECH, Budapest, Hungary) for localization of PARKIN
protein expression in the eye tissues.

The ubiquitination of mitochondrial proteins was also detected
by Western blot assay. In brief, mitochondrial proteins from retinal
tissues were extracted by the Tissue Mitochondria Isolation Kit.
Anti-UBIQUITI rabbit polyclonal antibody (1:1000) was
employed as an antibody, with COX IV (1:1000) serving as a
loading control.

2.16.4. Optomotor test
The optomotor test was performed as previously described39. In
brief, each mouse was placed in a circular platform and encom-
passed in a black-and-white striped roller for 5 min. The roller was
turned clockwise and counterclockwise for 2 min each, and the
movement times of the head were recorded.

2.17. Safety assessment in vivo

According to the dose and frequency for intravitreal injection of
mNP-Mito, the normal BALB/c mice were injected with 1-, 2-,
and 4-fold the dose of mNP-Mito40. The body weights were
recorded during dosing. After one week, the serum samples from
BALB/c mice were prepared for the detection of ALT, AST, BUN,
and inflammatory factors. The whole blood was collected, and the
relative mtDNA copy number was assessed. In addition, main
organs and eye tissues were collected, and the samples were
investigated by H&E staining and organ index analysis. The safety
of mNP-Mito in the Rot-induced mouse model was also detected.

2.18. Statistics

Quantitative data from the experiments were expressed as
mean � standard deviation (SD) with corresponding sample sizes
(n). Statistical comparisons among multiple groups utilized the
one-way analysis of variance (ANOVA) test. Post hoc tests, such
as Tukey’s honest significant difference (HSD) or Scheffe test,
were employed for pairwise comparisons when homogeneity of
variance was observed. In cases where homogeneity of variance
was not met, the GameseHowell test was used for comparisons
between multiple groups. All statistical tests were conducted as
two-sided analyses. The software package SPSS 19.0 (IBM,
Armonk, NY, USA) was employed for statistical analysis, while
ImageJ software (NIH) was utilized for quantitative analysis of FI
in confocal photos.

3. Results and discussion

3.1. Preparation and characterization of mNP-Mito

First, we extracted autologous mitochondria from HeLa cells and
identified a linear relationship between mitochondrial proteins and
the number of donor cells (Supporting Information Fig. S1A)41. In
subsequent in vitro studies, mitochondria were isolated from the
same number of cells in each group (6.32 million cells). Mito-
chondria within cells were stained with the MitoTracker Green
probe, and these mitochondria were isolated from cells. We found
that isolated mitochondria still exhibited green fluorescence
(Fig. S1B)42. Hence, we used MitoTracker Green probe to trace
exogenous mitochondria within mNP-Mito. In addition, we
applied Lipofectamine 2000 to load functional PARKIN-specific
mRNA (designated mNP) according to the protocol, and the
effective diameter of mNP was 255.4 � 6.9 nm (Fig. S1C). We
constructed mNP-Mito through the electrostatic interaction be-
tween isolated healthy mitochondria (Mito group) and mNP
(Fig. 2A). Isolated mitochondria were labeled with MitoTracker
Green probe, and Cy3-labeled mRNA was loaded into mNP to
form Cy3-mNP. The binding of Mito and Cy3-mNP was assessed
by the colocalization of green-labeled Mito and Cy3-labeled mNP.
The images of GI-SIM (Carl Zeiss) and inverted fluorescent mi-
croscope (Nikon) showed that green-labeled Mito and Cy3-
labeled mNP were merged, indicating the binding of Mito and
mNP (Fig. 2B and Fig. S1D). In addition, surface-engineering
mitochondria with mNP was visualized by SEM (Hitachi)
(Fig. 2C)43. DLS (Brookhaven) was used to detect the sizes and
zeta potentials in the Mito group and the mNP-Mito group. As
shown in Fig. 2D and E, the sizes in the mNP-Mito group were
larger compared to the Mito group. The data of zeta potentials in
the Mito and mNP-Mito groups showed that the binding of pos-
itive mNP in the surface of negative Mito led to the zeta potential
of mNP-Mito was higher than that of isolated Mito (Fig. 2F).
These results suggested that mNP-Mito was constructed via the
modification of PARKIN mRNA-loaded mNP in the surface of
extracted free mitochondria.

To assess the mRNA encapsulation efficiency of mNP-Mito,
Cy3-labeled mRNA was loaded into mNP-Mito to construct Cy3-
mNP-Mito. After centrifugation (Dragon Laboratory Instruments
Limited), the FI of Cy3-labeled mRNA in Cy3-mNP-Mito (sedi-
ment) and free Cy3-labeled mRNA (supernate) were investigated
through multi-mode microplate reader (Molecular Devices), and
mRNA encapsulation efficiency in Cy3-mNP-Mito was
15.59 � 1.34% (Fig. 2G and Fig. S1E). In addition, we explored
whether the modification of mNP affects mitochondrial activities.
The mitochondrial activities were evaluated using Janus green-B
dye. In operational mitochondria, cytochrome oxidase maintains
the dye in the oxidized state, showing a blue-green color. In
contrast, the dye undergoes a reduction in the absence of active
cytochrome oxidase, transferring into colorless44. Janus green-B
dye showed both blue-green in the Mito and mNP-Mito groups,
suggesting that the activity of mitochondria remained with and
without the modification of mNP (Fig. S1F). MMP of Mito and
mNP-Mito was detected by JC-1 probe. We found that MMP of
exogenous mitochondria in the Mito group had no significant
difference from that in the mNP-Mito group on Day 0. After Day
1, MMP in the Mito group was obviously decreased, which was
significantly lower than that in mNP-Mito (Fig. 2H). This indi-
cated that MMP of isolated mitochondria was protected by the
modification of mNP compared with free mitochondria and
remained normal within 1 day. To explore the stability of mNP-
Mito, we used heparin sodium to disturb the electrostatic inter-
action between mNP and Mito. After centrifugation for 20 min
(16,000�g, Dragon Laboratory Instruments Limited), the contents
of Cy3-labeled mRNA in sediments and supernates were analyzed
via a multi-mode microplate reader (Molecular Devices). The
Cy3-labeled mRNA contents in mitochondrial sediments were
only 0.0009 mg, which was much lower than the loaded Cy3-
labeled mRNA contents (0.1559 mg) in mNP-Mito, suggesting
that the loaded mRNAwas barely internalized into the exogenous
mitochondria. 89.5% Cy3-mRNA was stably retained on the sur-
face of mitochondria after Day 1 of culture in the medium at 4 �C
(Fig. S1G). The mNP-Mito stained with fluorescence were named
Cy3-mNP-Mito and Cy5-mNP-Mito. In addition, the PARKIN
mRNA-loaded mNP-Mito was abbreviated as mNP-Mito.



Figure 2 Preparation and characterization of mNP-Mito. (A) Illustration of the preparation of mNP-Mito; (B) GI-SIM images of MitoTracker

Green labeled Cy3-mNP-Mito; (C) SEM images of Mito and mNP-Mito. White: Mito, red: mNP; (D) The size of Mito detected by DLS

(Brookhaven); (E) The size of mNP-Mito detected by DLS (Brookhaven); (F) Zeta potentials of mNP, Mito and mNP-Mito; (G) Encapsulation

efficiency of Cy3-mNP-Mito calculated by the FI of Cy3-mRNA; (H) The MMP detection (JC-1 dye) before and after binding with mNP at

different time points. In (FeH), data are mean � SD (n Z 3). Statistical significance was performed by one-way ANOVA with GameseHowell

test (H).
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3.2. mNP-Mito promotes the delivery of healthy mitochondria
and induces mitophagy of dysfunctional mitochondria

To assess the relationship between mitochondrial dysfunction and
the severity of LHON in vitro, Rot, as a typical small molecule, is
carried out to disrupt the function of mitochondrial complex I and
cause LHON-like phenotypes37,45,46. We identified the concentra-
tion of Rot in vitro via MTT assay. As shown in Supporting
Information Fig. S2A, cellular mortality rose with the increasing
Rot concentration, and cellular mortality rate was 51.8% after 24 h
of 0.1 mmol/L Rot treatment. Additionally, we detected the
impairment of mitochondrial complex I and mitochondrial func-
tions under different concentrations of Rot, such as the expression of
mitochondrial protein within complex I, mitochondrial complex I
content, and MMP detection47. First, NADH ubiquinone dehydro-
genase 1b subcomplex 8 (NDUFB8) is a vital protein within com-
plex I. The level of NDUFB8 proteins was investigated viaWestern
blot assay, and b-ACTINwas used as a loading control, showing the
changes in mitochondrial complex I within the same cell number
under different Rot concentrations. The result in Fig. S2B indicated
that the level of NDUFB8 decreased under the application of 0.1 and
0.5 mmol/L Rot, confirming that Rot induced the damage of mito-
chondrial complex I. We further investigated complex I content via
immunofluorescence staining under the treatments of different Rot
concentrations. Higher Rot concentrations (0.1 and 0.5 mmol/L)
caused a reduction in complex I content (Fig. S2C). Free mito-
chondria in different groups were extracted, and complex I content
in free mitochondria was explored via immunofluorescence stain-
ing. MFI of complex I in extracted free mitochondria was detected
by flow cytometer. As shown in Fig. S2D, we found that Rot
significantly declined complex I content in extracted mitochondria.
Additionally, JC-1 Kits were used to detect MMP in different
treatment groups. FI of healthy mitochondria with normal MMP (J-
aggregate) reduced, and FI of damaged mitochondria with declined
MMP (J-monomer) rose with the increasing of Rot concentration,
suggesting that Rot led to the damage of MMP (Fig. S2E and F).

We further explored the underlying mechanism related to the
synergistic regulation of healthy and damaged mitochondria via
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mNP-Mito treatment in a Rot-induced cell model. The cells
treated with PBS after 24 h of Rot-treatment, named the “Rot”
group, served as negative control treatment. First, we deter-
mined the internalization of MitoTracker-labeled exogenous
mitochondria in mNP-Mito. As shown in Fig. 3A, mNP-Mito
facilitated significant cellular internalization of MitoTracker
Green-labeled healthy mitochondria compared with the Mito
group due to the increasing zeta potential in mNP-Mito
(Fig. 2F). In the normal and Rot-treated HeLa cells, mNP-
Mito had both good cellular uptake (Supporting Information
Fig. S3A). Following a 24 h treatment with mNP-Mito, the
fluorescent signals from the isolated mitochondria were found to
Figure 3 Delivery of healthy mitochondria and mitophagy of dysfunctio

exogenous healthy mitochondria detected by flow cytometry (BD Biosci

MitoTracker Red labeled exogenous mitochondria in mNP-Mito investiga

recipient cell; (D) 3D images of mNP-Mito treatment after 4 h; (E) The tot

by MitoTracker Red and Green probes; (F, G) Analysis of PARKIN protein

LC3B-II and LC3B-I proteins without (�) or with (þ) chloroquine; (J) S

model, (i) the supplement of healthy exogenous mitochondria, (ii) the e

biologically independent samples in (A), (F). Statistical significance was

Tukey’s honest significant difference (HSD) post hoc test (F).
be in close proximity to the Hoechst-labeled nucleus (Fig. 3B).
Live cell imaging was further employed to observe the inter-
nalization of exogenous mitochondria after 4 h of mNP-Mito
treatment (Fig. 3C and D). These results demonstrated that the
red fluorescent signals representing exogenous mitochondria in
mNP-Mito overlapped with the green fluorescent spots indi-
cating mitochondria in the recipient cell (red: exogenous
mitochondria in mNP-Mito, green: mitochondria in recipient
cells). To explore the location of exogenous and endogenous
mitochondria, we performed the MitoTracker Green probes to
stain the extracted mitochondria within the Mito and mNP-Mito
groups. The total mitochondria in cells were stained with a
nal mitochondria mediated by mNP-Mito treatment. (A, B) Delivery of

ences) (A) and CLSM (Carl Zeiss) (B) (24 h); (C) Internalization of

ted by live cell imaging, red: mNP-Mito, green: mitochondria within

al mitochondria and exogenous mitochondria were respectively stained

; (H) Analysis of mitochondrial PARKIN protein; (I) The expression of

chematic illustration of mNP-Mito treatment in the Rot-induced cell

limination of damaged mitochondria. Data are mean � SD (n Z 3

determined using one-way ANOVA with GameseHowell test (A) and
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MitoTracker Red probe after different treatments. Therefore,
green fluorescence was exogenous mitochondria, and the red
fluorescence spots were the total mitochondria after the delivery
of exogenous mitochondria. After various treatments, isolated
mitochondria in the mNP-Mito group demonstrated greater
internalization compared to the Mito group. The total mito-
chondria in mNP-Mito were comparable to the PBS group and
obviously higher than those in the other groups, indicating that
mNP had the potential to promote the delivery of healthy
mitochondria (Fig. 3E).

On the other hand, we investigated whether mNP-Mito induced
mitophagy of damagedmitochondria in aRot-treated cellmodel. The
process of mitophagy, based on the Putative kinase 1 (PINK1)e
PARKIN pathway, selectively eliminates damaged mitochondria
within cells48,49. PINK1 is rapidly turned over by proteolysis in
healthy mitochondria. When mitochondria become damaged,
PINK1 proteolysis is inhibited, allowing the accumulation of PINK1
only in damaged mitochondria. The subsequent recruitment of
PARKIN, specifically to organelles that are accumulating PINK1,
ultimately leads to the degradation of damaged mitochondria. We
first detected the internalization of genes in mNP-Mito. The cellular
uptakes ofmitochondria and genes in theMitoTrackerGreen-labeled
Cy5-mNP-Mito group were investigated using CLSM (Carl Zeiss)
and flow cytometry (BD Biosciences) (Fig. S3B‒D)50. After 1 h
incubation with mNP-Mito, Cy5-labeled mRNA showed colocali-
zation with green-stained exogenous mitochondria. However, a
separation of two fluorescent signals occurred after 4 h treatment
(Fig. S3B). The data confirmed that the mNP-Mito complex entered
the cells in an intact form. With prolonged incubation, there was a
gradual dissociation of mNP from Mito, enabling them to function
independently. As shown in Fig. S3E, the cell uptake contents of
Cy5-tagged mRNA in the Cy5-mNP-Mito group increased
compared with Cy5-mNP but were similar to those in the 1.5-fold
gene-loaded Cy5-mNP-1.5 group. This may be attributed to
the addition of exogenous mitochondria, shifting the uptake
pathway of Cy5-mRNA from clathrin-mediated endocytosis to
macropinocytosis (Fig. S3F and G). This shift in endocytic mecha-
nisms was beneficial for increasing the cellular uptake of Cy5-
mRNA by reducing endosomal degradation processes51,52. We also
detectedPARKINmRNA transfection and found that the cells treated
with mNP-Mito expressed more PARKIN protein than the
other groups (Fig. 3F and G). Mitophagy after mNP-Mito treatment
was investigated. As shown in Fig. 3H, mNP-Mito treatment
increased the expression of PARKIN in mitochondria, indicating the
enhanced recruitment of PARKIN to the surface of damaged mito-
chondria. Moreover, we have used mitophagy specific pharmaco-
logic inhibitor (chloroquine, 40 mmol/L) to determine the change in
the expression of LC3B-II protein, which indicates the autophagy
flux. The results in Fig. 3I showed that mNP-Mito increased
the expression of LC3B-II/LC3B-I under chloroquine treatment,
suggesting that mNP-Mito enhanced the autophagy flux and the
activities of autophagy. The results indicated that PARKIN protein
overexpression in the mNP-Mito group enhanced mitophagy of
damaged mitochondria.

Together, mNP-Mito was internalized into Rot-treated cells by
micropinocytosis, and mNPs were detached from exogenous
mitochondria. On the one hand, exogenous mitochondria were
used to replenish dysfunctional mitochondria, increasing the
population of functional mitochondria. On the other hand, mNPs
promoted the expression of PARKIN proteins, inducing mitoph-
agy of dysfunctional mitochondria (Fig. 3J).
3.3. mNP-Mito repairs complex I function

As mentioned above, mNP-Mito promoted the delivery of healthy
mitochondria and enhanced mitophagy of dysfunctional mito-
chondria, which had the potential for correcting the activity and
content of complex I. We further investigated the restoration of
mitochondrial complex I mediated by mNP-Mito. First, we
determined the activity of mitochondrial complex I through the
Mitochondrial Complex I/NADH-CoQ Reductase Activity Assay
Kit. Rot declined the activity of mitochondrial complex I
compared with the PBS group, while mNP-Mito obviously
repaired the activity of mitochondrial complex I (Fig. 4A). In
addition, mitochondrial complex I antibody was used to mark
functional complex I within cells. Complex I content was explored
through flow cytometry (BD Biosciences) and CLSM (Carl Zeiss).
After isolating mitochondria from cells treated with different
groups, these isolated mitochondria in different groups were
subjected to immunofluorescence staining using complex I anti-
body. The MFI was further detected by flow cytometry (BD
Biosciences). As shown in Fig. 4B, the content of mitochondrial
complex I was restored under mNP-Mito treatment. CLSM images
(Fig. 4C) and quantitative analysis (Fig. 4D) of immunofluores-
cence staining showed that the FI in mNP-Mito was higher than
that in the other groups and similar to the PBS groups, indicating
that mNP-Mito enabled the repairment of mitochondrial complex
I. These results indicated that mitochondrial complex I function
was compromised in Rot-damaged cells. Conversely, treatment
with mNP-Mito led to an enhancement in mitochondrial complex
I function.

Mitochondrial bioenergetics is a central regulator of cellular
metabolism and redox maintenance53. We explored the restoration
of MMP, ATP generation, and mtROS level under mNP-Mito
treatment. To detect the restoration of MMP in Rot-induced
cells after different treatments, we determined different MMP
statuses of mitochondria by JC-1 Detection Kits. Strong red
fluorescence indicates normal mitochondria with higher MMP,
while an increase in green fluorescence represents damaged
mitochondria. As shown in Fig. 4E, the red fluorescence indicated
healthy mitochondria obviously declined, and the green fluores-
cent spots were enhanced in the Rot group, suggesting that Rot led
to a decrease in MMP. In contrast, mNP-Mito restored the MMP to
a normal level. In addition, we detected the normalized FI of JC-1-
stained cells. Cells treated with Rot showed MMP damage
compared to the PBS group. Although the cells that were treated
with mNP, 1.5-fold gene-loaded mNP (named mNP-1.5) or Mito
achieved only moderate mitochondrial remediation, the cells
treated with mNP-Mito showed an obvious increase in MMP
(Fig. 4F). Mitochondrial complex I serves as the primary entry
point for electrons into the respiratory chain and is proposed to be
the rate-limiting step in overall respiration. It plays a pivotal role
in energy metabolism and ATP generation. Being the largest and
most intricate component of the respiratory chain, complex I holds
a central position in cellular bioenergetics. Hence, we investigated
whether mNP-Mito could enhance ATP generation by improving
mitochondrial complex I function in Rot-damaged cells. As
illustrated in Fig. 4G, the ATP content in the Mito group exhibited
an increase compared to the Rot group. Notably, the mNP-Mito
group demonstrated a superior capacity for restoring ATP gener-
ation compared to other treatment groups, displaying no signifi-
cant difference from the PBS group. As the byproducts of the
mitochondrial respiratory chain54, the level of mtROS was



Figure 4 The restoration of mitochondrial complex I function. (A) Detection of mitochondrial complex I activity; (B) Detection of complex I

content by flow cytometry (BD Biosciences) in extracted mitochondria from different groups; (C, D) Immunofluorescence staining of complex I

observed by CLSM (Carl Zeiss) (C) and quantitative data calculated by ImageJ software (D); (E) MMP detection by CLSM (Carl Zeiss); (F)

MMP detection in different groups by a multi-mode microplate reader (Molecular Devices); (G) Detection of ATP generation; (H) The level of

mtROS in different groups determined by MitoSOX probe in vitro; (I) Cellular viability after various treatments tested by live/dead cell double

staining. Data are mean � SD (n Z 3 in A, B, and F, n Z 30 cells in D, n Z 6 in G). Statistical significance was analyzed via one-way ANOVA

with Tukey’s honest significant difference (HSD) post hoc test (A, B) or GameseHowell test (F, G).
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assessed by using MitoSOX probe55,56. The results demonstrated
that mNP-Mito obviously decreased the cellular levels of mtROS
(Fig. 4H). A live/dead cell double-stain assay was conducted to
assess the cellular viability protective effect of mNP-Mito,
allowing for a clear distinction between fluorescent staining of
live and dead cells. As shown in Fig. 4I, the total cell counts in the
Rot group declined compared with the other groups. Additionally,
green fluorescence-labeled live cells exhibited an increase in the
mNP-Mito group compared to the Rot group, following a decrease
in red fluorescence-labeled dead cells. In summary, the provided
data demonstrated that mNP-Mito facilitated the repair of com-
plex I, which promoted the restoration of mitochondrial function
and rescued cells from damage caused by Rot.

3.4. Modulation of healthy and damaged mitochondrial
populations via mNP-Mito in vivo

A common feature observed in a mouse model is the dysfunction
of mitochondrial complex I caused by the inhibitor Rot35,57. In
order to determine the appropriate dosage for Rot modeling, we
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conducted an optomotor test to probe eye health and explore the
progress of Rot-induced LHON in mice36. Supporting Information
Fig. S4A showed that the number of head movements was obvi-
ously decreased in the groups treated with different concentrations
of Rot compared to in the vehicle control group, indicating that
there was a noticeable decline in vision under the application of
Rot. The generation of ATP in the retina isolated from mice was
detected to show the mitochondrial function. The data in Fig. S4B
suggest a significant reduction in ATP generation following
treatment with 2.5 and 5 mmol/L Rot (P < 0.001). These results
suggested that there was a noticeable decline in ATP generation
and vision after one week of treatment with 2.5 mmol/L Rot.
Moreover, the impairment of complex I was investigated after Rot
damage for one week. The expression of NDUFB8 in the retinal
layer was detected by Western blot. After Day 7 of 2.5 mmol/L
Rot treatment, the band in the 2.5 mmol/L group was weaker than
that in the Vehicle and 1 mmol/L groups (Fig. S4C). The content
of complex I was assessed by immunofluorescence staining using
Figure 5 The synergistic regulation of healthy and damaged mitochon

mNP-Mito in retinal ganglionic cell layer of normal mice (RGL: retinal

OPL: outer plexiform layer; ONL: outer nuclear layer) (24 h); (B) The dis

white arrowheads represent the merged spots of exogenous mitochondria

whole cells according to immunofluorescence staining (C) and Western

Quantitative analysis of PARKIN expression using ImageJ software base

expression and ubiquitination of mitochondrial protein in Rot-induced mice

independent samples per group in (E). Statistical significance was shown b

post hoc test (E).
an anti-complex I antibody. With increasing Rot concentration,
complex I content was decreased (Fig. S4D). These results indi-
cated a close association between Rot-induced mitochondrial
damage and the progression of ocular mitochondrial diseases. In
the subsequent studies, we opted for a 2.5 mmol/L Rot concen-
tration to establish a mouse model for ocular mitochondrial
disease.

For the construction of mNP-Mito in vivo studies, the alloge-
neic mitochondria were extracted from BALB/c mouse heart tis-
sues (Supporting Information Fig. S5), which are the classical
mitochondrial donors with a rich number of mitochondria58. The
in vivo efficacy of mNP-Mito in repairing mitochondrial complex
I function hinged on its capacity to regulate both healthy and
damaged mitochondria. Based on this, we first investigated the
in vivo capability of mNP-Mito to enhance mitochondrial delivery
and induce mitophagy. On the one hand, we determined that mNP-
Mito promoted the internalization of MitoTracker Red-labeled
exogenous mitochondria in the normal mouse’s retina, including
dria via mNP-Mito in vivo. (A) Uptake of MitoTracker Red-marked

ganglion layer; IPL: inner plexiform layer; INL: inner nuclear layer;

tribution of MitoTracker Green-labeled Cy3-mNP-Mito in vivo (24 h),

and Cy3-mRNA in RGL; (C, D) PARKIN protein expression in the

blot (D) assays in Rot-induced mice, dashed line area: RGL; (E)

d on the data presented in (D); (F) Mitochondrial PARKIN protein

in various treatment groups. Data are shown as the mean � SD, nZ 3

y one-way ANOVA with Tukey’s honest significant difference (HSD)
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the retinal ganglion layer (RGL) (Fig. 5A). This indicated that
mNP-Mito promoted the delivery of exogenous mitochondria in
RGL, and even a small quantity of mNP-Mito was capable of
reaching the inner nuclear layer (INL). After 24 h treatment of
MitoTracker Green-labeled Cy3-mNP-Mito in normal mice,
exogenous mitochondria labeled by the green fluorescent spots
were colocalized with the red-labeled mRNA. This observation
suggested that Cy3-mNPs remained attached to the surface of the
exogenous mitochondria upon reaching the RGL (Fig. 5B).

On the other hand, we detected mNP-Mito-mediated
mitophagy in vivo. First, the expression of functional gene
(PARKIN mRNA) was determined in Rot-induced mice. The
mNP-Mito treatment was administered on Days 3 and 10
following the induction of the model by Rot. Retinal layers in
varying treatments were collected on Day 17 after Rot modeling,
and PARKIN protein expressions were investigated by immu-
nofluorescence staining and Western blot assays. In the mNP-
Mito group, PARKIN protein expressions in the RGL were
higher than in other treatment groups (Fig. 5C). Simultaneously,
the total PARKIN expression in the retina was significantly
higher compared to other treatment groups (Fig. 5D and E).
PARKIN-mediated mitophagy was assessed by observing the
recruitment of PARKIN to mitochondria and ubiquitination of
mitochondrial proteins (Fig. 5F). The levels of UBIQUITI and
Figure 6 The mNP-Mito alleviates ocular mitochondrial disease-relat

Flowchart of mNP-Mito treatment in Rot-induced experimental ocular m

activity in retina after different groups; (C) Mitochondrial NDUFB8 protei

generation in retina; (E) H&E staining; (F) Change in the thickness of the

shown as the mean � SD, n Z 3 independent samples per group in (B, C,

shown by one-way ANOVA with Tukey’s honest significant difference (H
mitochondrial PARKIN expressions were higher in the mNP-
Mito group compared to the other treatment groups. These
findings indicated that mNP-Mito enhanced the delivery of
exogenous healthy mitochondria and boosted PARKIN-mediated
mitophagy of damaged mitochondria by promoting PARKIN
protein expression in vivo. Therefore, mNP-Mito demonstrated
the potential for the restoration of complex I function in Rot-
induced mice through the dual regulation of both healthy and
damaged mitochondria.

3.5. mNP-Mito suppresses Rot-associated ocular mitochondrial
disease pathologies in mice

We investigated the therapeutic gains of nanoengineered mito-
chondria to suppress the progress of the ocular mitochondrial
disease by the repairment of mitochondrial complex I (Fig. 6A).
According to these results in Fig. S4, 2.5 mmol/L Rot was used as
an inhibitor to induce the damage in mitochondrial complex I. It
has been reported that the binding sites of inhibitor Rot bind are
within complex I, including decylubiquinone and ND4 subunit in
complex I46.

In the Rot-induced mouse model, the repairment of complex I
under mNP-Mito treatment was investigated by the activity and
content of complex I. First, mitochondrial complex I activities in
ed pathologies in mice by restoring the function of complex I. (A)

itochondrial disease-like mouse model; (B) Detection of complex I

n expression in retina detected by Western blot; (D) Detection of ATP

retinal layer detected by H&E staining; (G) Optomotor tests. Data are

F), n Z 6 mice per group in (D) and (G). Statistical significance was

SD) post hoc test (B, F, G) or GameseHowell test (C, D).
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the retina were investigated through the Mitochondrial Complex
I/NADH-CoQ Reductase Activity Assay Kit. Complex I activity
was significantly inhibited by the application of 2.5 mmol/L Rot.
The activities of complex I were restored after the treatment with
mNP, mNP-1.5, and Mito, while the activity of complex I was
higher than that in the other groups (Fig. 6B). In addition, the
contents of complex I were detected by the expression of
NDUFB8 protein. The content of complex I was obviously
decreased in the Rot group compared to the vehicle group. The
parameter was increased when the mice were treated with mNP,
mNP-1.5, and Mito. The content of complex I was further
increased in the mNP-Mito group (Fig. 6C). ATP generation in the
retinal layer was investigated by the ATP Bioluminescent Assay
Kit. As shown in Fig. 6D, the ATP contents in the retina were
hindered in the Rot group, whereas the generation of ATP was a
slight increase in the mNP, mNP-1.5, and Mito groups. The
Figure 7 The safety of mNP-Mito in normal BALB/c mice. (A) Schem

BALB/c mouse; (CeE) The levels of ALT (C), AST (D), and BUN (E); (F

and High-Dose treatments; (GeJ) The levels of TNF-a (G), IL-1b (H), IL-6

normal BALB/c mice after different mNP-Mito treatments. Data are shown

per group in (CeE) and (GeJ). Statistical significance was performed by o

hoc test (G, H, J) or GameseHowell test (F, I). Low-dose: 1-fold mNP-M

dashed area: normal range in each indicator.
production of ATP in the mNP-Mito group was higher than that in
the other treatment groups.

In the presence of Rot damage, the retinal layer experiences
impairment and a subsequent decline in thickness. The assessment
of the retinal layer was conducted through Hematoxylin and Eosin
staining (H&E staining), and the thickness was measured using
the scale bar in H&E staining images. Following various treat-
ments, eye tissues were collected for H&E staining. The results
depicted in Fig. 6E and F affirmed that the thickness of the retinal
layer in the mNP-Mito group increased compared to other groups.
These findings suggested that mNP-Mito facilitated the repair of
the retinal structure.

An optomotor assay was employed to assess the vision of mice
subjected to various treatments. Rot nearly eliminated head re-
sponses in the mice, whereas the mNP-Mito group exhibited a
significantly higher number of head movements compared to the
atic representation outlining the safety assessment; (B) The weight of

) Relative mtDNA copy number in the whole blood after Low-, Mid-

(I) and IFN-g (J) in various treatments; (K) H&E staining of retina in

as the mean � SD, n Z 5 mice per group in (B) and (F), n Z 3 mice

ne-way ANOVAwith Tukey’s honest significant difference (HSD) post

ito, Mid-dose: 2-fold mNP-Mito, High-dose: 4-fold mNP-Mito. The
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mNP, mNP-1.5, and Mito groups. Interestingly, the number of
head movements in the mNP-Mito group did not significantly
differ from that in the vehicle group, suggesting that mNP-Mito
contributed to a partial restoration of eyesight in Rot-treated mice
(Fig. 6G). In summary, these results indicated that mNP-Mito
suppressed the progress of ocular mitochondrial disease by the
repairment of complex I function.
3.6. Safety assessment in vivo

Under some mitochondrial disease statutes, mitochondrial abnor-
malities are systemic; hence, allogeneic mitochondria from
healthy mice were used to prepare mNP-Mito in our study. The
mtDNA encodes 13 proteins associated with mitochondrial func-
tion, and the mitochondrial proteins in allogeneic mitochondria
from the same species are similar59, but the safety risks and im-
mune response of exogenous mitochondria should be considered.
A series of assays were carried out to explore the safety risks and
immune response to serial intravitreal injections of mNP-Mito
(Fig. 7A). We recorded the body weights (Fig. 7B) and organ
index (Supporting Information Table S1) of BALB/c mice and
found that these indicators were not obviously changed compared
with the PBS group. Liver function (alanine transaminase, ALT;
aspartate aminotransferase, AST) and kidney (blood urea nitrogen,
BUN) function were normal after different treatments (Fig. 7C‒
E). In addition, the mtDNA copy number in the bloodstream
serves as an important indicator for detecting whether mitochon-
drial transfer triggers an inflammatory response. We also deter-
mined the mtDNA contents in the whole blood after 1-, 2- and 4-
fold mNP-Mito treatments. The results suggested that mNP-Mito
did not cause an increase in mtDNA in whole blood and induce a
further inflammatory response (Fig. 7F). To evaluate whether
mNP-Mito treatment could induce inflammatory cytokine release,
we determined the contents of TNF-a, IL-1b, IL-6, and IFN-g in
eye tissues using ELISA assays. As shown in Fig. 7G‒J, these
inflammatory cytokines in the eye were not significantly different
at any dose compared with the PBS group. In addition, H&E
staining of the retina indicated that 1-, 2- and 4-fold mNP-Mito
treatments did not damage the retinal structures (Fig. 7K). We
also investigated the safety of mNP-Mito in the rotenone-induced
animal model. As shown in Supporting Information Fig. S6A, the
mouse weight in the mNP-Mito group did not show significant
changes compared to the vehicle group. The key indicators of
kidney and liver functions (Fig. S6B‒D), as well as hematological
parameters (Supporting Information Table S2), were within
normal ranges after various group treatments. These results
confirmed the safety of mNP-Mito in the rotenone-induced animal
model. In summary, our results showed that the supplementation
with a large number of mitochondria caused almost no significant
damage to the organism, and some studies reported that the
increased bioenergetics from the introduction of exogenous
mitochondria returned to the normal level over time58. The safety
risks, including proinflammatory responses, from the supplemen-
tation of allogeneic mitochondria and the introduction of lipid-
based NPs were not obviously observed, which supports the
broader potential application of mNP-Mito in mitochondrial
diseases.
4. Conclusions

In conclusion, we showed that PARKIN mRNA-loaded nano-
particle (mNP)-engineered mitochondria (mNP-Mito) increased
mitochondria with functional complex I via the delivery of healthy
exogenous mitochondria and decreased mitochondria with
impaired complex I via enhanced PARKIN-mediated mitophagy
process, which normalized the function of complex I for LHON
treatment. Using a set of testing indexes including mitochondrial
complex I activity and content, we found that mNP-Mito restored
complex I function and rescued cells from Rot damage. After
intravitreal injection, mNP-Mito repaired the mitochondrial
function in the retina and reverted disease-related molecular and
biochemical phenotypes in the Rot-induced experimental LHON-
like mouse model. In addition, several mitochondrial diseases
experience dysfunction within the mitochondria, and the
advancement of many such conditions is closely linked to mito-
chondrial dysfunction, including ocular disorders, pulmonary
disorders, neurodegenerative disorders, and cardiomyopathy.
Therefore, mNP-Mito-mediated enhanced mitochondrial transfer
offers a feasible approach for the restoration of the mitochondrial
function at the level of mitochondrial population, which is
promising for the treatment of more mitochondrial diseases.
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