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Quantitative cellular characterization of
extracellular mitochondria uptake and
delivery

Zahra Al Amir Dache , Maud Chevé, Julia Dancourt & Grégory Lavieu

Mitochondria are essential intracellular organelles responsible for energy
production. Over the past two decades, unconventional intercellular mito-
chondrial transfer has been reported, but the nature of the transport inter-
mediates, the efficiency of the process, and the cellular mechanisms involved
in their uptake and putative integration by acceptor cells remain poorly
understood. This gap in knowledge is especially significant given the potential
therapeutic applications of mitochondrial transplantation. In this study, we
use quantifiable cell biology and biochemical approaches to assess inter-
cellular mitochondria exchange. Our findings suggest that low amount of free
mitochondria can be released into conditioned media and subsequently
internalized by recipient cells, primarily via fluid-phase uptake, although
alternative or concurrent endocytic pathways may also contribute. Notably,
we show that a subset of internalized mitochondria escapes the endosomal
compartment, reaches the cytosol, and may integrate into the host cell’s pre-
existing mitochondrial network.

Intercellular transfer of mitochondria has been described across the
eukarytic kingdom, from yeast1 to humans2, including plants3. Both
natural and artificial mitochondrial transfer have been implicated in
key cellular processes such as energy metabolism, tissue repair, and
maintenance of cellular homeostasis4. Recently, horizontal mito-
chondrial transfer has been observed between cancer cells and
neighboring immune cells, highlighting its potential role in cancer
progression and T cell–dependent antitumor responses5,6. However,
the precise mechanisms and broader physiological roles of mito-
chondrial transfer remain under investigation, both ex vivo and in vivo.

Mitochondrial transfer was thought to occur exclusively through
tunneling nanotubes7. However, recent studies have revealed alter-
native mechanisms, including mitochondria encapsulated within
extracellular vesicles8,9 or freely circulating in the extracellular space
(including blood)10,11, which may also mediate intercellular mitochon-
drial transfer. As early as the 1980s, it was demonstrated that the
uptake of isolated mitochondria could rescue the dysfunctional
mitochondrial phenotype of recipient cancer cells12, supporting the
hypothesis that free mitochondria may act as transport intermediates.

This idea echoes the endosymbiotic theory of mitochondrial origin13,
where ancient proteobacteria were engulfed and integrated into host
cells through an endosymbiotic process, ultimately supporting cellular
function. The fate of transferred mitochondria remains unclear as
contradictory studies reported integration or not within the mito-
chondrial network of the host cell14,15.

Building on our previously developed and validatedmethodology
and molecular tools for characterizing extracellular vesicle uptake at
the cellular level16, we now apply a mitochondrial cargo–based
approach in combinationwithwell-established cell models to track the
fatemitochondria. We quantitatively assess their presence and form in
conditioned media, and analyze their uptake and intracellular locali-
zation in recipient cells. Ourfindings indicate that a substantial portion
ofmitochondria arepresent in free formwithin the conditionedmedia.
These “putative” transport intermediates behave as isolated mito-
chondria and are taken up via a process resemblingmacropinocytosis.
Notably, fewer than 10% of internalized mitochondria appear capable
of escaping endosomal compartments and reaching the cytosol, where
they may integrate into the host mitochondrial network.
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Identification and characterization of the putative
transport intermediate
To investigate this trafficking event, we engineered donor cell lines
expressing NanoLuciferase (NLuc)-tagged versions of OMP2517, an
outer mitochondrial membrane protein with the tag exposed on the
cytosolic side, andCOX8a18, an innermitochondrialmembraneprotein
with the NLuc tag localized within the intermembrane space (Fig. 1A).
Both constructs were also HA-tagged to enable immunofluorescence
and immunoblot detection. These methods confirmed the expected
mitochondrial localization of both proteins and verified their expres-
sion as intact constructs (Fig. 1B, C). This validation establishes the two
constructs as reliable probes for tracking mitochondria with high
sensitivity, using NLuc detection16. Utilizing chimeric proteins helps to
bypass artifacts previously encountered in studies involving labile and
diffusible fluorescent dyes19.

We then used size exclusion chromatography to analyze the
content of conditioned media emanating from NLuc-HA-OMP25 and
COX8a-NLuc-HA expressing cells, and compared it to intact mito-
chondria isolated from the samedonor cells. In conditionedmedia, we
observed two main peaks: fraction 4 (F4), representing large particles
consistent with extracellular organelles, contained less than 1% of the
total NLuc activity (0.176% ±0.004 for NLuc-HA-OMP25 and
0.132% ±0.0026 for COX8a-NLuc-HA), while the majority was found in
fraction 16 (F16), corresponding to smaller particles, likely free pro-
teins or membrane debris (Fig. 2A). For the isolated mitochondria,
fraction 4’ (F4’) accounted for 16.69% ±0.954 for NLuc-HA-OMP25 and
20.89% ±0.354 for COX8a-NLuc-HA, of the NLuc activity, with
15.11% ±0.17 for NLuc-HA-OMP25 and 14.8% ± 0.108 for COX8a-NLuc-
HA found in fraction 16’, corresponding to degradation products
(Fig. 2B). This was confirmed with a third independent mitochondria
marker (Sup Fig. 1A-C). We then measured the number and size of
particles present in fractions F4, F16, and F4’ (Fig. 2C). No particles
were detected in F16, consistent with the presence of free proteins or

debris smaller than 30 nm. In contrast, F4 and F4’ exhibited similar
particle profiles, with diameters ranging from 100 to 500nm.

Next, we performed immunoblot analysis on each fraction to
broadly assess their protein composition (Fig. 2D). F4, derived from
conditioned media, was enriched in the EV markers CD63 and CD9, as
expected, and also contained the NLuc-tagged mitochondrial cargo
(NLuc-HA-OMP25). F4’, originating from isolated mitochondria, was
enriched in NLuc-HA-OMP25 and showed only trace levels of EV mar-
kers. F16 showed no detectable EV markers and primarily contained
degraded forms of OMP25-HA-NLuc, consistent with debris or degra-
dation products. Importantly, ER markers were absent from all tested
fractions, suggesting that the material present in the conditioned
media is not the result of cell lysis.

Together, these results suggest that only a small fraction of
mitochondria released into the conditioned media may act as trans-
port intermediates, either as free mitochondria or enclosed within
extracellular vesicles.

To distinguish between these two possibilities, we performed
well-established protease protection assay20,21 based on the following
rationale: if the transport intermediate is free mitochondria, NLuc-HA-
OMP25, being exposed on the outer membrane, should be sensitive to
protease, while COX8a-NLuc-HA, located within the intermembrane
space, should remain resistant unless detergent is added. Conversely,
if the mitochondria are enclosed within extracellular vesicles (EVs),
both NLuc-HA-OMP25 and COX8a-NLuc-HA should be protected from
protease in the absence of detergent, as we have previously shown for
well-established EV cargo16,20.

We subjected fractions F4 and F16 (from conditioned media) as
well as F4’ and F16’ (from isolated mitochondria) to proteinase K
protection assay. Both F4 and F4’ exhibited similar behavior, with
NLuc-HA-OMP25 being protease-sensitive and COX8a-NLuc-HA
remaining resistant, consistent with free mitochondria. In contrast,
both constructs in F16 and F16’ were sensitive to protease, suggesting

Fig. 1 | Validation of mitochondrial protein reporters. A Topology of the
endogenous protein tagged in this study (black), and the transiently expressed
protein used in this study (orange). B Plasmid validation of Nluc-HA-OMP25 and
COX8a-Nluc-HA. HeLa cells were transiently transfected with either plasmid, pro-
cessed for immunofluorescenceusing an anti-HAantibody, and imagedby confocal

microscopy. Images are representatives of three independent experiments.
C Immunoblots of cell lysates (CL) from wild-type HeLa cells or HeLa cells tran-
siently expressing Nluc-HA-OMP25 or COX8a-Nluc-HA. Equal amounts of protein
were analyzed by immunoblotting for HA (upper gel) and Actin (lower gel). Blots
are representative of two independent experiments.
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Fig. 2 | Isolation and characterization of transport intermediates. A, B SEC
Fractionation profiles from conditioned media (CM) A or isolated mitochondria
(IM) B derived from cells expressing either Nluc-HA-OMP25 (upper graph) or
COX8a-Nlsuc-HA (lower graph). NLuc activity (blue) and protein concentration
(red) were measured across SEC fractions (1 to 18). F4 contains the putative
transport intermediate and F4’ contains isolated mitochondria. C Particle size
distribution of fractions F4, F4′, and F16 as assessed by nanoparticle tracking

analysis (NTA). D Immunoblots of cell lysates (CL), F4, F4′, and F16, probed for EV
markers (CD63, CD9), ER marker (calreticulin), and mitochondrial marker (Nluc-
HA-OMP25). Equal amounts of protein were loaded. Blots are representatives of
two independents experiments. E Protease protection assay on Nluc-HA-OMP25
and COX8a-Nluc-HA in IM andCM samples, treated or not with proteinase K and/or
β-OG. Each dot represents an independent biological replicate; each value is the
mean of three technical replicates. Error bars indicate standard deviation.
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these fractions contain degradation products (Fig. 2E). These findings
indicate that F4 likely represents free mitochondria, ruling out the
presence of mitochondria enclosed within EVs. Importantly, these
results were confirmed using endogenous mitochondrial markers,
which exhibited the same topology (Sup Fig. 2A-C).

Cellular characterization and quantification of free
mitochondria uptake
We leveraged our highly sensitive luminescence-based assay16 to
quantitatively measure the uptake of the different fractions derived

from NLuc-HA-OMP25 and COX8a-NLuc-HA expressing donor cells.
Equal amounts of NLuc activity from F4 (“free mitochondria” from
conditioned media), F16 (small particles or debris from conditioned
media), and F4’ (intact mitochondria isolated from donor cell) were
loaded onto unlabeled acceptor cells and incubated for 24 hours to
assess steady-state uptake. We found that a small but measurable
fraction (1-2%) of both F4 and F4’were taken up by the acceptor cells,
whereas F16 uptake was virtually undetectable (Fig. 3A). Subsequent
kinetic and dose-response studies revealed that luminescence
activity in acceptor cells increased over time (Fig. 3B) and was

Fig. 3 | Quantitative Uptake of extracellular mitochondria. A Unlabeled HeLa
acceptor cells were incubated for 24 hours with fractions F4, F4′, or F16 derived
from donor cells expressing Nluc-HA-OMP25 or COX8a-Nluc-HA. NLuc activity was
measured after 24h. Input NLuc activity was set to 100%. Three independent
experiments were performed, each including three technical replicates. Each dot
represents a replicate. Error bars indicate standard deviation, center represent the
means. *Statistical significance was assessed by unpaired, two-tailed t-test com-
paring F4 or F4′ to F16; p <0.01. B, C Uptake kinetics and dose response. Acceptor
cells were incubated with F4 or F4′ (from Nluc-HA-OMP25-expressing cells, 50,000

total NLuc activity units) for various durations B, or for 24h with increasing
amounts of F4 or F4′ input C. Three independent experiments were performed,
each including four technical replicates. Each dot represents a replicate.
D Temperature block experiment. Unlabeled acceptor cells were incubatedwith F4
and F4′ (fromNluc-HA-OMP25-expressing cells) for 4 h at either 37 °C or 4 °C. NLuc
activity was thenmeasured. Three independent experiments were performed, each
including four technical replicates. Each dot represents a replicate. Statistical sig-
nificancewas assessedbyunpaired, two-tailed t-test comparing F4orF4′ at37 °C vs.
4 °C; p <0.01.
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proportional to the amount of F4 (“free mitochondria” in condi-
tioned media) and F4’ (control isolated mitochondria) (Fig. 3C).
Interestingly, uptake of F4’ was consistently—but not always statis-
tically—slightly higher than that of F4, possibly reflecting some loss
of integrity of free mitochondria in the conditioned media prior to
harvest.

Since donor cells were initially transiently transfected, we con-
sidered the possibility that plasmid DNA encoding NLuc-HA-OMP25
could be released—either freely or within EVs—into the conditioned
media, potentially confounding the interpretation of mitochondrial
uptake. To rule out this possibility, we tested both F4 and F4’ fractions
for the presence of the plasmid, which was not detected (Sup Fig. 3A).
Importantly, both fractions were positive for mitochondrial DNA (Sup
Fig. 3B), consistent with the presence of mitochondria in these pre-
parations and in agreement with our earlier findings. To definitively
rule out any bias introduced by transient transfection, we generated a
HeLa cell clone stably expressing NLuc-HA-OMP25 and used it as a
donor to produce the putative transport intermediate. The resulting
F4 fraction was then applied to various adherent acceptor cell lines,
including HeLa, A431, and SKOV3 cells (Sup Fig. 3C). In all tested cell
types, F4 uptake was consistent with that observed using transiently
transfected donor cells, thereby confirming that the mitochondrial
transfer is not an artifact of plasmid contamination. Moreover, these
results demonstrate that the transfer mechanism operates across
multiple cell lines.

To investigate the mechanism of mitochondrial uptake, we
applied a 4 °C temperature block—a classical approach to inhibit
energy-dependent endocytosis while preserving high-affinity
“ligand”–receptor interactions. This temperature-based assay has his-
torically been pivotal in the discovery of bona fide receptors, such as
the LDL receptor22. We hypothesized that if free mitochondria were
recognized and captured by a high-affinity receptor on the surface of
acceptor cells, NLuc activity would still be detectable at 4 °C. However,
luciferase activity was virtually undetectable in cells incubated with F4
or F4’ at 4 °C for up to 4 h (Fig. 3D), suggesting minimal, if any,
receptor-mediated binding under these conditions.

Previous studies have implicated heparan sulfate inmitochondrial
uptake23, which is not incompatible with our findings. In such amodel,
heparan sulfate moieties may facilitate surface docking of mitochon-
dria via electrostatic interactions, which could allow limited associa-
tion without the affinity characteristic of canonical receptors. This
would explain why mitochondrial uptake appears relatively inefficient
—marked by slow kinetics and lack of saturation—when compared to
ligand–receptor systems such as LDL uptake.

We next used confocal imaging to trace the intracellular fate of
isolated mitochondria in acceptor cells. Colocalization analyses were
performed using the OMP25-based mitochondrial probe alongside
endogenous markers of early endosomes (EEA1) and lysosomes
(Lamp1) (Fig. 4A–D). Mitochondria were found to colocalize with
endosomal markers (39%) and lysosomal markers (30%), indicating
that internalized mitochondria follow the canonical endo-lysosomal
trafficking route. Additionally, co-incubation with red-labeled dextran
—a fluid-phase uptake marker24, revealed strong colocalization with
internalized mitochondria (Fig. 4E, F).

Together, these results suggest that free mitochondria are inter-
nalized via a low-efficiency, non-receptor-mediated process. The
observed colocalization with dextran supports macropinocytosis as
the primary mode of uptake, followed by trafficking through the
classical endo-lysosomal pathway.

Mitochondria delivery through endosomal escape
To assess and quantify the integration of internalized free mitochon-
dria into the mitochondrial network of acceptor cells, we adapted our
previous split-NLuc complementation assay utilizing HiBit/LgBit
technology25. We engineered donor cells expressing HiBit-tagged

OMP25 and acceptor cells expressing complementary LgBit-tagged
OMP25.While neither HiBit nor LgBit emit luminescence on their own,
their proximity restores NLuc activity, producing a detectable lumi-
nescent signal.

To validate the split-mitochondria proteins, we used size exclu-
sion chromatography to measure luminescence in the various frac-
tions by complementing HiBit-OMP25 with recombinant LgBit. The
results (Fig. 5 A, B) mirrored those from Fig. 2, confirming the validity
of the split-mitochondria system.

Next, we performed a protein complementation assay to track
potential mitochondrial exchange between donor and acceptor cells.
Equal amounts of HiBiT-OMP25 from F4 (free mitochondria in condi-
tioned media), F16 (degradation products), and F4’ (intact mitochon-
dria isolated from donor cells) were applied to LgBiT-
OMP25–expressing acceptor cells and incubated for 24 h. Protein
complementation was detected in cells treated with both F4 and F4’,
but not with F16, consistent with previous uptake data (Fig. 5C).

Three hypotheses could explain the observed complementation
of the outer membrane protein: (I) cytosolic delivery of donor mito-
chondria; (II) cytosolic delivery followed by clustering of donor and
acceptor mitochondria; or (III) integration of donormitochondria into
the acceptor cell’s mitochondrial network (Fig. 6A). To distinguish
among these possibilities, we generated different combinations of
split donor and acceptor cell lines: donor cells expressing either HiBiT-
OMP25 or HiBiT-COX8, and acceptor cells expressing LgBiT-OMP25,
LgBiT-COX8, or cytosolic LgBiT. Each hypothesis if true would be
revealed by a unique combinatorial complementation pattern that can
be predicted (Fig. 6A, lower table).

Our results showed that complementation occurred exclusively in
homotypic combinations (i.e., OMP25–OMP25 and COX8–COX8), with
no signal observed in heterotypic or cytosolic combinations. This
pattern supports hypothesis III, suggesting that functional com-
plementation requires integration of donor mitochondria into the
acceptor cell’s mitochondrial network. In particular, COX8-driven
complementation implies content mixing between donor and host
mitochondria, further suggesting mitochondrial fusion and network
incorporation. Although our complementation results are fully com-
patible with fusion between delivered donor mitochondria and host
mitochondria, it remains to be definitively demonstrated whether full
integration into the endogenous mitochondrial network occurs, or if
internalizedmitochondria instead form localized aggregates with host
mitochondria. Clarification of this point will likely be enabled by
emerging super-resolution microscopy techniques.

To test the hypothesis that internalized mitochondria can escape
endosomes, we performed confocal microscopy on cells expressing
Galectin-3-GFP, a well-established reporter of endosomal membrane
rupture26,27, Galectin 3 shows a diffuse, barely detectable GFP signal in
the cytosol under normal conditions. However, upon endosomal
rupture, Galectin 3 binds to glycans found on the luminal side of the
endosomes, producing distinct GFP puncta. As a positive control, we
used LLOME, a known endosomal membrane disruptor27, which gen-
erated clear GFP puncta (Fig. 7A).

Remarkably, around 9% of the internalized mitochondria coloca-
lized with Galectin 3-GFP puncta (Fig. 7A, B), indicating that these
mitochondria can damage endosomal membranes, facilitating their
escape into the cytosol. Importantly Galectin3-GFP puncta were vir-
tually absent from cell treated with the fluid phase marker (Fig. 7A, B)
indicating some level of specificity. This suggests th at after inter-
nalization, mitochondria can induce endosomal membrane rupture,
allowing their release into the cytosol and subsequent integration into
the acceptor cell’s mitochondrial network.

Discussion
The simplest interpretation of our data supports a model in which
“free mitochondria” released by donor cells can be internalized by
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recipient cells—at least in part through the fluid-phase—escape from
endosomal compartments, to bedelivered into the cytosol, where they
may ultimately merge with the recipient cell’s existing mitochondrial
network (Fig. 7C), Although measurable, this process seems poorly
efficient, in our ex vivo experimental set-up. Importantly, we identified
endosomal escape following internalization as a key cellular mechan-
ismenablingmitochondrial transfer. Thisfindingprovidesmechanistic
clarity to earlier studies that qualitatively reported mitochondrial
uptake and network integration using 3D super-resolution imaging,
but did not capture the escape process itself15. Conversely, other stu-
dies failed to observe mitochondrial integration following artificial
transplantation14. a discrepancy likely explained by their use of split-
GFP systems, which lack the sensitivity and signal amplification pro-
vided by the bulk split-NLuc assay used in our study28.

As always, the working model proposed here will need to be
refined and re-evaluated through continued efforts to address several
key aspects of this process.

Core aspects of this process concern the nature of the transport
intermediate:

Recent studies have revived interest in functional intercellular
exchange of mitochondria2, including the possibility of free mito-
chondria as transport intermediates29, an hypothesis consistent with
our findings. This mode of transport might be exclusive or con-
comitant to others, including the more established of tunneling
nanotubes.When comparing bothmode of transport through the split
system with direct co-culture (where transfer can occur via both dif-
fusible intermediates and nanotunneling) and media exchange
through 1μm or 200 nm cut-off filtration (where transfer can occur to
either large of small intermediates, respectively) we observed greater
transfer efficiency in the co-culture setup than with the 1μm filtration
condition) and no transfer was detected following 200nm filtration
(Sup Fig. 4). These results suggest that mitochondrial exchange may
rely on both nanotunneling and a large diffusible transport
intermediate.

Fig. 4 | Qualitative analysis of extracellular mitochondrial uptake.
A–D Confocal micrographs showing uptake of free mitochondria derived from
Cherry-OMP25 expressing donor cells, internalized by acceptor cells for 4 h. After
incubation, cells were fixed and processed for immunofluorescence against EEA1
A or LAMP1 C to label early endosomes and lysosomes, respectively, using green-
labeled secondary antibodies. Red squares indicate regions of colocalization shown
at higher magnification. B, D Quantification of colocalization. EEA1 or LAMP1
fluorescencewasmeasured for eachmitochondria-associated (red-positive) ROI, as
well as for control EEA1-/LAMP1-negative ROIs. The dashed line indicates the
maximum fluorescence intensity in EEA1-/LAMP1-negative ROIs. Values above this

threshold were considered positive for colocalization. Three independent experi-
ments were performed; 320 B and 324 ROIs D from at least 50 cells, from three
independent samples were analyzed. Scale bar: 10μm. E, F Confocal micrographs
showing uptake of free mitochondria derived from Nluc-HA-OMP25–expressing
donor cells after 4-h internalization. Acceptor cells were co-treated with Texas Red
dextran and processed for immunofluorescence against HA using green-labeled
secondary antibodies. Red squares highlight regions of colocalization at higher
magnification. F Quantification of colocalization with dextran was performed as
described above. Scale bar: 10 μm. 351 ROIs from 60 cells from three independent
samples were analyzed.
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Biochemical characterization using protease protection assays
strongly supports the notion that this intermediate corresponds to
free mitochondria. This interpretation is further validated by our sys-
tematic comparisons across uptake anddelivery experiments, inwhich
the behavior of material derived from conditioned media closely

Fig. 6 | Characterization of mitochondrial fate after delivery using NLuc com-
plementation. A Schematic representation of three possible outcomes fol-
lowing cytosolic delivery of extracellular mitochondria: Hypothesis I:
Individual donor mitochondria are delivered into the cytosol and remain
isolated, with none too moderate complementation with outermembrane
LgBit-protein or cytosolic LgBit. Hypothesis II: Donor mitochondria cluster
with acceptor cell mitochondria. In this case, outer membrane (OM) protein
complementation is expected to be positive, while inner membrane (IM)
proteins should remain negative. Hypothesis III: Donor mitochondria fully
integrate into the acceptor cell’s mitochondrial network. Both OM and IM
proteins are expected to show positive complementation in during homotypic
exchange. A summary table outlines the expected outcomes for each donor/
acceptor combination under these three models. B extracellular mitochondria
from donor cells expressing either HiBiT-OMP25 or HiBiT-COX8 were incu-
bated for 24 hours with acceptor cells expressing either cytosolic LgBiT,
LgBiT-OMP25, or LgBiT-COX8. NLuc activity was measured to assess com-
plementation. Three independent experiments were performed, each
including three technical replicates. Each dot represents a replicate. Error bars
indicate standard deviation, center represents the means. *Statistical sig-
nificance was assessed by unpaired, two-tailed t-test comparing homotypic
combinations (OMP25/OMP25 and COX8/COX8) to the heterotypic OMP25/
LgBiT control; p < 0.01.

Fig. 5 | Quantification of cytosolic delivery of extracellularmitochondria using
NLuc complementation. A,B SEC fractionationprofiles of conditionedmediaA or
isolated mitochondria B derived from cells expressing HiBiT-OMP25. NLuc activity
was measured in fractions 1–18 following complementation with recombinant
LgBiT and is shown in blue. C Quantification of cytosolic delivery of HiBiT-OMP25
from fractions F4, F4′, or F16 into acceptor HeLa cells expressing LgBiT. Three
independent experiments were performed, each including three technical repli-
cates. Each dot represents a replicate. Error bars indicate standarddeviation, center
represents themeans. *Statistical significance was assessed by unpaired, two-tailed
t-test comparing F4 or F4′ to F16; p <0.01.
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parallels that of isolated mitochondria. Importantly, the observed
endosomal escape mechanism also supports the free mitochondria
model, as it is incompatible with the expected fate of mitochondria
encapsulated in extracellular vesicles (EVs), which would require
additional steps such asmembrane fusion to release their content into
the cytosol16,30. Despite the rigor of our biochemical and cellular ana-
lyses, further investigation is required to fully characterize the “free
mitochondria” population, highly diluted within other components of
the secretome. Future priorities include high-resolution morphologi-
cal analysis using electron microscopy and assessment of

mitochondrial functionality through metabolic profiling. Although
previous studies suggest that transplanted mitochondria can restore
function in deficient recipient cells, we did not directly evaluate
mitochondrial functionality here—an important limitation to be
addressed.

Another critical aspect of our study is the low yield of recoverable
transport intermediates from conditioned media, which raises ques-
tions about the underlying secretion mechanism. Nonetheless, this
release appears to be biologically specific and regulated, as other
organelles such as the ER were not detected in the extracellular space.
While intact and respiratory competent mitochondria have previously
been observed in blood10, our SEC isolation data—along with the high
Nluc activity observed in the F16 fraction, which corresponds to free
protein and small debris—suggest that the majority of mitochondria
released into conditioned media are not stable in the extracellular
environment. To resolve these questions, in vivo studies will be
essential. Recent advances in live inter-organ imaging using physiolo-
gically relevant animal models31,32, offer a promising path to better
understand the fate, function, and physiological significance of
extracellular mitochondria in more native environments.

Another core aspect concerns the fate of the uptaken mitochon-
dria within the acceptor cells:

Our data show a lack of efficient binding of mitochondria to the
surface of acceptor cells at 4 °C, a temperature that only reveals high-
affinity protein-protein interactions. These findings suggest that
mitochondrial uptake is not mediated by a high-affinity receptor,
unlikewhat has been observed for other physiological relevant entities
such as lipoproteins22 or viruses33. We and others have previously
reported similarly limited uptake efficiencies for extracellular vesicles,
which followmacropinocytosis and alternative routes16,34. Earlier study
has proposed a role for heparan sulfates in mitochondrial uptake23.
One possibility is that the accumulation of multiple low-affinity inter-
actions may suffice to capture a limited number of mitochondria. This
raises the question of how such inefficient uptake can support the
effective regulation of a related physiological function. Alternatively,
these results may indicate that specific donor–acceptor tissue pairing
is required for more efficient transfer, pointing toward a physiological
role that remains to be fully elucidated.

Although we propose that mitochondrial delivery involves an
initial step of endosomal escape, future studies are needed to identify
the molecular machinery and mechanisms responsible for endosomal
membrane destabilization or rupture. Reactive oxygen species (ROS)
and putatively exposed cardiolipin, are appealing candidates among
others. Investigating this process is particularly challenging as these
molecules—typically confined to the reducing environment of the
cytosol—would now be exposed to the extracellular milieu, whichmay
lack the essential factors or cofactors required for their function. This
unusual topological context presents a paradigm that requires further
investigation and clarification.

Our results indirectly support mitochondria integration that may
use the mitochondria fusion machinery, that is more complex that

Fig. 7 | Mitochondrial delivery through endosomal escape. A Confocal micro-
graphsof acceptorHeLacells expressingGalectin-3-GFPafter 4 hof incubationwith
Nluc-HA-OMP25 mitochondria (middle panel) or Texas Red dextran (lower panel).
As a posissstive control for endosomal damage, cells were treated with LLOMe for
30minutes (upper panel). Cells were immunolabeled against HA using red-labeled
secondary antibodies. Red squares highlight regions of Galectin-3 colocalization
shown at highermagnification. Scale bar: 10 μm.BQuantification of Galectin-3-GFP
colocalization with red-labeled mitochondria versus red dextran. Three indepen-
dent experiments were performed. A total of 150 dextran-positive and 350
mitochondria-positive puncta were analyzed. Statistical significance was assessed
by unpaired, two-tailed t-test; p < 0.01. C Proposed model: Extracellular mito-
chondria are internalized via fluid-phase uptake and trafficked through the endo-
somal pathway. Endosomal membrane rupture enables their escape into the
cytosol, where they may integrate into the acceptor cell’s mitochondrial network.
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initially thought35. Several studies have suggested that the mitochon-
drial network is heterogeneous, and it remains unclear whether inte-
grated mitochondria merge with the existing network or remain
sequestered within specific subdomains. Highly sensitive and rapid
super-resolution imaging technologies will be essential to address
these questions.

Mitochondrial transfer has been proposed to play a role in a wide
range of physiological functions36,37. However, how can such a low-
efficiency delivery mechanism support functional transfer? At first
glance, this may seem difficult to reconcile. However, when consider-
ing that1 mitochondria contain their own DNA and autonomous
nucleoids, which control the inheritance of mitochondrial DNA38, and2

mitochondria form numerous contacts with other organelles, provid-
ing lipids necessary for membrane expansion and duplication39, the
processmaybe efficient enough to colonize recipient cellswith limited
number of exogenousmitochondria, similarly towhat is observedwith
bacteria and viruses, masters of cell’s invasion. This interpretation
aligns with earlier studies that showed that a very limited number of
injected-mitochondria is sufficient to completely replace endogenous
mitochondrial DNA in mitochondria-deficient cells40,41. More recently,
it has been demonstrated that the transplantation of a single mito-
chondria per cell equivalent significantly increases ATP levels within
24 hours, further supporting themerging and functional integration of
mitochondria14.

Future research should focus on identifying the molecular and
physicochemical triggers that facilitate mitochondria-mediated
endosomal disruption and the key players involved in this process
on both the mitochondrial and endosomal sides. A deeper under-
standing of the molecular machinery governing this process could
enhance the efficiency of mitochondrial transplantation, paving the
way for new therapeutic approaches. It may also provide valuable
insights into the intercellular transfer of mitochondria in both phy-
siological and pathological contexts.

Methods
Cell Culture and Transfection
HeLa,A-431 andSKOV-3 cells (fromATCC, Virginia, USA)were grown in
DMEM (Gibco, Illinois, USA) supplemented with 10% fetal bovine
serum (Gibco, Illinois, USA or Biosera, France) at 37 °C with 5% CO2.
Cells were transfected at 60% to 70% confluency using Lipofectamine
2000 (Invitrogen, Massachusetts, USA) according to the manu-
facturer’s protocol. HeLAclone stably expressingNLuc-HA-OMP25was
selected with geneticin 10μg/mL (Gibco, Illinois, USA).

Transport intermediate isolation
24 hours after transfection, donor cells were cultured in serum-free
DMEM for 24 hours. Conditioned media was harvested and subjected
to a 600g centrifugation for 10minutes at 4 °C, followed by a 2000g
centrifugation for 20minutes at 4 °C to remove cell debris. Condi-
tioned media was then concentrated using Amicon Ultra-15, MWCO=
100 kDa (UFC9100, Millipore, MA). First, the filters were washed with
15ml PBS to remove any trace of glycerol. Then, 15ml of media was
added and centrifuged at 4500 g for 15minutes at 4 °C. The filtratewas
discarded, and the concentrated media was saved. This step was
repeated to filter the entire volume of conditioned media. All the
concentrated media was recovered and pooled together. 500μl of
concentrated media was added to SEC column (qEVoriginal/70 nm
Gen 2, Izon, Christchurch, New Zealand), and the separation was per-
formed according to the manufacturer’s protocol. Fraction 1 was
eluted in 2ml, fraction 2 in 0.5ml, and fraction 3 in0.4ml of PBS; these
fractions were considered as buffer volume. Fractions 4 to 15 were
eluted in 0.4ml of PBS, and fraction 16 in 1ml, with fractions 17 and 18
in 2ml. These fractions were used for subsequent Nluc activity mea-
surement, protease protection assay, uptake assay, and cytosolic
delivery assay.

Intracellular mitochondria isolation
Mitochondria from cultured cells were isolated to serve as a positive
control. Cells were scraped from culture dishes, washed with PBS, and
centrifuged at 600× g for 5min at room temperature. Mitochondria
were then isolated using the Abcam Mitochondria Isolation Kit for
Cultured Cells (ab110170, Abcam, Cambridge, U.K.), following the
manufacturer’s instructions withminor adjustments. Briefly, cells were
subjected to five cycles of freeze–thaw to promote membrane dis-
ruption, resuspended in Reagent A, and incubated for 10minutes. The
suspension was homogenized using a Dounce homogenizer and cen-
trifuged at 1000× g for 10min at 4 °C. The supernatant was retained,
while the pellet was resuspended in Reagent B and subjected to the
same process. The combined supernatants were centrifuged again at
1000 × g for 10min at 4 °C to eliminate remaining cellular debris. The
final supernatantwas then centrifuged at 10,000× g for 15min, and the
resulting pellet—containing crude mitochondria—was resuspended in
Reagent C supplemented with protease inhibitors. These isolated
mitochondria further purified by size exclusion chromatography using
Izon qEVoriginal/70 nm Gen 2 SEC columns, as described above.

Immunoblot
Cells,isolatedmitochondria (IM), Nluc-HA-OMP25 F4, F16 and F’4 were
resuspended in lysis buffer (50mM Tris, 150mM NaCl, 1% Triton-X-
100, protease/phosphatase inhibitor (PPI) cocktail (Roche, Switzer-
land), pH8) and incubated on ice for 30min. Samples were then cen-
trifuged at 15,000 g for 20min. Supernatants (cell lysates) were
collected. Protein concentrations of cell lysate (CL) and IM samples
were measured using the Micro BCA™ Protein Assay kit (Thermo Sci-
entific, IL). Samples were mixed with 4X Laemmli buffer (Bio-Rad, CA)
and 10% β-mercaptoethanol (BME), then loaded onto 4–20% precast
polyacrylamide gel (Bio-Rad, CA) in tris/glycine/SDS buffer (Bio-Rad,
CA). After electrophoresis, proteins were transferred onto PVDF
membranes (0.2μm, Bio-Rad, CA) using the Trans-Blot Turbo system
(Bio-Rad, CA). The Precision Plus Protein Standards (Bio-Rad, CA) was
used as a protein weight ladder. Membranes were blocked in PBS with
0.05% Tween 20 and 5% milk at room temperature, then incubated
overnight at 4 °C with 1/1000 primary antibody (α-Actin (MAB1501,
Sigma-Aldrich, MA), α-HA (C29F4, cell signaling, MA), α-MFN2 (56889,
Abcam, UK),α-PDHA1 (110334, Abcam, UK),α-CD63 (Cat # 556,019, BD
Bioscience, New Jersey, U.S.A.), α-CD9 (Cat # cbl162, Millipore, Ger-
many), calreticulin (22683, Abcam,UK) in PBS 0.05% Tween 20, 5%
milk, and 0.02% sodium azide. Membranes were washed 3 times for
20mins each, and finally incubated with 1/5000 HRP-coupled sec-
ondary antibody (α-mouse or α-rabbit, 115-035-003, Jackson Immu-
noResearch, UK) in PBS 0.05% Tween 20. Membranes were revealed
using the Clarity Western ECL Substrate (Bio-Rad, CA) and the Ima-
geQuant LAS 400 imager (GE Healthcare Life Sciences, Chicago).
Image analysis and quantification were performed using the ImageJ
software.

Protease Protection Assay
Nluc-HA-OMP25 or Cox8a-Nluc-HA Fractions F4, F4’, F16 and F16’were
incubated in PBS with or without 0.1% βOG and 0.2mg/mL Proteinase
K (AM2542, Ambion, Texas, USA) for 3 hours at 4 °C. The same activity
of nanoluciferase was used in each condition. Samples were diluted in
200μL PBS, and 20μL of Nano-Glo™ Live Cell assay reagent (20μL
buffer + 0.5μL substrate) (N2012, Promega, Wisconsin, USA) was
added to immediately measure the remaining NLuc activity in each
well using an iD3 SpectraMax microplate reader (Molecular Devices,
California, USA). In parallel, this assay was confirmed by conducting a
protease protection assay assessment via immunoblot. F4’ and F16’
were incubated inPBSwith orwithout 3.2μg/mLproteinaseK and0.1%
TritonX100 (Sigma-Aldrich, Missouri, USA) for 1 h on ice. The reaction
was neutralized by adding 1μL of boiled 0.2M PMSF, immediately
followed by loading buffer (100 °C, 15min).
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Mitochondrial uptake and delivery assay
Nluc activity in each fraction was measured by adding 5μL of the
fraction to 95μL of PBS and 20μL of Nano-Glo™ live reagent or 50μL
of the Nano-Glo reagent (N2012/ N1120 Promega, Wisconsin, USA) in
each well of a white 96-well plate (ThermoFischer, MA, USA). Lumi-
nescence activity was read using the iD3 SpectraMax microplate
reader. Wild-type HeLa acceptor cells were seeded 24h before the
uptake experiment to reach 80% confluency in white/clear bottom 96-
well plates (Thermofisher, MA, USA). The same Nluc activity in each
fraction was added in serum-free DMEM. For temperature dependent
experiment, fractions were added in HBSS (ThermoFisher, MA, USA).
Cells were incubated with mitochondria at either 4 °C or 37 °C for 4 h,
or for the specifically indicated time. After incubation, cells were
washed three times with PBS. Finally, 50μL of PBS and 20μL of Nano-
Glo™ live reagent were added to each well, and luminescence activity
was read.

Mitochondrial cytosolic delivery assay
Nluc activity in each fraction was measured by adding 5μL of the
fraction, 2.5μL of PBS, 2.5μL of 0.1% Triton, and 90μL of recombinant
LgBiT (Promega, Wisconsin, USA) diluted at 1/10,000 to each well in a
white 96-well plate, along with 20 μL of Nano-Glo™ live reagent (Pro-
mega, Wisconsin, USA). Luminescence activity was read using an iD3
SpectraMax microplate reader. HeLa acceptor cells were seeded in a
24-well plate. 24 hours before the experiment, they were transfected
with Lgbit OMP25 plasmid as recommended. Six hours later, they were
trypsinized and transferred to a white/clear bottom 96-well plate to
reach 80% confluency on the day of experiment. The same Nluc
activity in each fraction was added in serum-free DMEM. Cells were
incubated at 37 °C for 24 h. After incubation, cells were washed three
times with PBS. Finally, 50μL of PBS and 20μL of Nano-Glo™ live
reagent were added to each well, and luminescence activity was read.

Confocal microscopy
Acceptor cells were seeded 24 h before the experiment in a 24-well
plate on top of coverslips to reach 50–60% confluency. For early
endosomes colocalization: Cells were incubated with mCherry OMP25
IM for 1 and 4 h at 37 °C. For lysosomes colocalization: Cells were
incubated with Nluc HA OMP25 IM for 1 to 4 h at 37 °C. For macro-
pinocytosis: Cells were incubated with red dextran (ThermoFisher,
MA, USA) at 20mg/ml andwithNlucHAOMP25 IM for 30min and4 hr.
For Galectin 3 colocalization: Cells transfected with Gal3 GFP plasmid
24 hours before experiment, were incubated with Nluc HA OMP25 IM
for 4 and 24 h. In addition, control cells were treated for 30min with
500μM LLOME (L7393-500MG, Sigma-Aldrich, Missouri, USA). After
incubation, cells were washed with PBS, fixed for 15min at room
temperature with 4% PFA, washed 3 times with PBS and permeabilized
for 10min in 0.1% Triton-X-100. Cells were then blocked in 1% BSA for
1 h. Primary antibodies (EEA1 (2411S, Cell signaling, MA), Lamp1
(15665S, Cell signaling, MA) HA (C29F4, cell signaling, MA), were
incubated for 2 h at room temperature at dilutions of 1/200,1/100, and
1/1000, respectively, in PBS. After three washes in PBS, samples were
incubated for 1 hour at room temperature with secondary antibodies
(α-mouseorα-rabbit coupled toAlexaFluor 488or 546 (ThermoFisher,
MA, USA) at a dilution of 1/2000 in PBS. Following additional washes,
samples were mounted with a ProLong Diamond Antifade Mountant
(Invitrogen) and Images were acquired using an LSM 880 confocal
microscope with a 63× oil immersion objective (ZEISS, Baden-Würt-
temberg, Germany). Image analysis and colocalization quantification
were performed using ImageJ software (NIH, Maryland, USA). Briefly,
to assess compartment colocalization, the fluorescent signal coming
from acceptor cell protein in region of interest (ROI) corresponding to
each IM positive dot or negative ROI (approximatively the same size)
for EEA1, LAMP1, and DEXTRAN was measured.

Nanoparticle Tracking Analysis. NTA was performed using the
ZetaView x20 (Particle Metrix, Ammersee, Germany) with the follow-
ing parameters: laser 488nm, scatter, 11 positions, 1 cycle, sensitivity
80, shutter 100, pH = 7 entered, T °C sensed. All samples were diluted
into filtered PBS.

Statistical Analysis. Unpaired, two-tailed t-test were performed using
the Prism software (GraphPad, San Diego, California U.S.A.) on biolo-
gical replicates.

Amplification of the mitochondrial genome
DNAwas extracted from F4, F16 and from isolatedmitochondria using
Plasmidmini prep Kit (Macherey Nagel, France) and then amplified by
long range PCRperformed in a 50μL total volumeusing Phusion™ Plus
DNA Polymerase kit (F630S, ThermoFisher, MA, USA), using PCR
thermocycler (Bio-Rad, California, USA). Thermal cycling conditions
were as follows: 95 °C (2:00) + [95 °C (0:15) + 68 °C (10:00)] × 30 cycles
+ 68 °C (20:00) + 4 °C (∞ ). PCR amplifications were performed with
five pairs of overlapping primers (Mito1/Mito2/Mito3/hmt1/hmt2). All
PCR amplifiedproductswere loadedon a0.8%agarose gel to check the
size of amplicons with reference to the 1Kb plus DNA ladder (Ther-
moFisher, MA, USA).

Plasmids
mCherry-OMP25 constructwas a gift fromDavid Tareste, who replace
GFP by mCherry in pCB7-GFPOM (Malka et al., EMBO reports VOL
6 | NO 9 | 2005). Gal3-EGFP was a gift from Ludger Johannes. Lgbit
construct was obtained by removing Nluc-CD63 sequence from Nluc-
CD63 construct (Emeline bonsergent et al.). PCR amplified Lgbit
sequence from Lgbit plasmid (Promega, Wisconsin, USA), was then
inserted. Lgbit-CD63 construct was obtained by removing RFP
sequence fromRFP-CD63 (a gift fromWaltherMothes), using Age1 and
Xho1 restriction enzyme (NEB, Massachusetts, USA). PCR amplified
Lgbit sequence from Lgbit construct, with the following primers:
(forward) GCCACCGGTCTCACCATGGTCTTCACACTCGA, (Reverse)
GCCCTCGAGAACTGTTGATGGTTACTCGGA, was then inserted using
the same enzymes.

Nluc–OMP25 construct was obtained by removing
CD63 sequence from Nluc-CD63 (Emeline bonsergent et al.), using
Xho1 and Mfe1 restriction enzyme (NEB, Massachusetts, USA). PCR
amplified OMP25 sequence from mCherry-OMP25 construct with the
following primers: (forward) GCCCTCGAGGGCGACGGAGAGCCGAG-
T,(Reverse) GCCCAATTGTCAGGTTCAGGGGGAGGTGT was then
inserted using the same enzymes. Nluc-HA-OMP25 construct was
obtained by removing Nluc sequence fromNluc-OMP25 plasmid using
Age1 and Xho1 restriction enzyme (NEB, Massachusetts, USA). PCR
amplifiedNluc -HA sequence from the Nluc–OMP25 constructwith the
following primers: (forward) CGGGAATTCACCGGTATGGTCTTCA-
CACTC, (Reverse) CGG CTC GAG TGCGTAGTCTGGTACGTCGTACG-
GATAACTAGTCGCCAGAATGCGTTCGCA, was then inserted using the
same enzymes.

Lgbit-OMP25 construct was obtained by removing
CD63 sequence from Lgbit-CD63 plasmid, using Xho1 and Mfe1
restriction enzyme (NEB, MA). PCR amplified OMP25 sequence from
mCherry-OMP25 construct with the following primers: (forward) GC
CCTCGAGGCGACGGAGAGCCGAGT, (Reverse) GCCCAATTGTCAGG
TTCAGGGGGAGGTGT, was then inserted using the same enzymes.
Hibit-OMP25 construct was obtained by removing GFP-Hsp70
sequence from GFP-hsp70 plasmid (15215, Addgene, MA), using Age1
and Mfe1 restriction enzyme (NEB, MA). PCR amplified Hibit-OMP25
sequence frommCherry-OMP25 construct with the following primers:
(forward) GCCACCGGTACCATGACTAGTGTGAGCGGCTGGCGGCTGT
TCAAGAAGATTAGCGGATCCTCCGGTGGATCGAGCGGTGGGAATTCT
GGTGGAGGATCCGCTAGCGGCGACGGAGAGCCG, (Reverse) GCCCAA

Article https://doi.org/10.1038/s41467-025-64147-x

Nature Communications |         (2025) 16:9053 10

www.nature.com/naturecommunications


TTGTCAGGTTCAGGGGGAGGTGT, was then inserted using the same
enzymes. Cox8a-Nluc-HA construct was obtained by removing Snap
tag sequence from pSNAPf-Cox8A plasmid (101129, Addgene, MA),
using EcoRI and Xho1 restriction enzyme (NEB, Massachusetts, USA).
PCR amplified Nluc HA sequence fromNluc OMP25 construct with the
following primers: (forward) CGGGAATTCACCGGT ATGGTCTTCA-
CACTC, (Reverse) CGGCTCGAGTTATGCGTAGTCTGGTAC GTCGTA
CGGATAACTAGTCGCAGAATGCGTTCGCA, was then inserted using
the same enzymes. Cox8a-Hibit construct was obtained by removing
GFP-Hsp70 from fromGFP-hsp70 plasmid (15215, Addgene,MA), using
Mfe1 and Nhe1 restriction enzyme (NEB, MA). PCR amplified Cox8a-
Hibit sequence from pSNAPf-Cox8A plasmid (101129, Addgene, MA)
with the following primers: (Forward): GCCGCTAGCTACCATGTCC
GTCCTGA. (Reverse): GCCCAATTGTTAGCTAATCTTCTTGAACAGCCG
CCAGCCGCTCACACTAGTCATGCTAGCGGATCCTCCACCAGAATTCC
CACCGCTCGATCCACCGGAGGATCCGGTGAATTCACCGGT was then
inserted using the same enzymes. Cox8a-Lgbit construct was
obtained by removing snap tag from pSNAPf-Cox8A plasmid (101129,
Addgene, MA) using EcoRi and XhoI restriction enzyme (NEB, MA).
PCR amplified Lgbit sequence from Lgbit construct with the following
primers: (Forward) GCCGAATTCACCATGGTCTTCACACTCGA
(Reverse) GCCCTCGAGTTAACTGTTGATGGTTACTCGGA was then
inserted using the same enzymes. Tom20-Nluc construct was
obtained by removing sfCherry+11 sequence from Tom20 plasmid
(83033, Addgene, MA), using Age1 and Not1 restriction enzyme (NEB,
MA). PCR amplified Nluc sequence fromNluc-CD63 construct with the
following primers: (forward) GCCACCGGTTATGGTCTTCACACTCG
AAGAT, (Reverse) CGGGCG GCCGCTTACGCCAGAATGCGTTCGCA,
was then inserted using the same enzymes. Tom20-Nluc HA construct
was obtained by removing Tom20-sfcherry+11 sequence from Tom20
plasmid (83033, Addgene, MA), using Nhe1 and Not1 restriction
enzyme (NEB,MA). PCR amplifiedNluc Tom20HA sequence fromNluc
Tom20 construct with the following primers: (forward) GCCGAACC
GTCAGATCCGCTA, (Reverse) CGGGCGGCCGCTTATGCGTAGTCTGG-
TACGTCGTACGGATACGCCAGAATGCGTTCGCA, was then inserted
using the same enzymes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data presented in this study are available and have been uploaded
as supplemental material. Source data are provided with this paper.
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