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Oral mitochondrial transplantation using 
nanomotors to treat ischaemic heart disease

Ziyu Wu1,2,4, Lin Chen1,4, Wenyan Guo1, Jun Wang3, Haiya Ni3, Jianing Liu3, 
Wentao Jiang    2, Jian Shen    1, Chun Mao    1  , Min Zhou    2,3   & 
Mimi Wan    1 

Mitochondrial transplantation is an important therapeutic strategy 
for restoring energy supply in patients with ischaemic heart disease 
(IHD); however, it is limited by the invasiveness of the transplantation 
method and loss of mitochondrial activity. Here we report successful 
mitochondrial transplantation by oral administration for IHD therapy. A 
nitric-oxide-releasing nanomotor is modified on the mitochondria surface 
to obtain nanomotorized mitochondria with chemotactic targeting 
ability towards damaged heart tissue due to nanomotor action. The 
nanomotorized mitochondria are packaged in enteric capsules to protect 
them from gastric acid erosion. After oral delivery the mitochondria are 
released in the intestine, where they are quickly absorbed by intestinal cells 
and secreted into the bloodstream, allowing delivery to the damaged heart 
tissue. The regulation of disease microenvironment by the nanomotorized 
mitochondria can not only achieve rapid uptake and high retention of 
mitochondria by damaged cardiomyocytes but also maintains high activity 
of the transplanted mitochondria. Furthermore, results from animal models 
of IHD indicate that the accumulated nanomotorized mitochondria in the 
damaged heart tissue can regulate cardiac metabolism at the transcriptional 
level, thus preventing IHD progression. This strategy has the potential to 
change the therapeutic strategy used to treat IHD.

Ischaemic heart disease (IHD) is the leading cause of death worldwide. 
The condition is characterized by cardiomyocyte mitochondrial dys-
function and, consequently, energy metabolism disorders1. Current 
therapeutic options for chronic IHD (including mild conditions such 
as silent myocardial ischaemia) include long-term oral medication 
(for example, β-blockers (BBs))2,3. The recommended treatment for 
acute IHD (for example, myocardial infarction) is usually surgery (for 
example, reperfusion), but this may cause additional damage (for 
example, ischaemia-reperfusion injury (IRI)), and hence many of these 
patients continue to require long-term or even lifelong medication 

after surgery4. Unfortunately, none of these clinical treatments can 
recover the normal energy supply to the heart and halt its continuous 
deterioration5, but can only alleviate the deterioration. Mitochondrial 
transplantation has been proposed as a more effective treatment for 
IHD because the transplanted mitochondria are expected to fuse with 
the damaged mitochondria in cardiomyocytes6–8, providing intact res-
piratory chain proteins and crucial DNA sequences, and thereby halting 
cardiac deterioration9. However, research on transplanting mitochon-
dria into the heart is still in the early stages. Since the first report of mito-
chondrial transplantation technology in the treatment of the ischaemic 
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Oxidative stress is an important feature of IHD18. The high levels 
of ROS and iNOS at the lesion site may serve as chemoattractants for  
CM/NM/Mito19. In a Y-channel device (Extended Data Fig. 3a), the fluo-
rescence intensity of CM/NM/Mito increased significantly with time in 
the reservoir which had a higher ROS/iNOS concentration. These results 
demonstrated that the CM/NM/Mito actively sensed the high ROS/iNOS 
concentration and diffused up the concentration gradient (Extended 
Data Fig. 3b–e and Supplementary Fig. 1). We further evaluated the 
chemotactic behaviour of the CM/NM/Mito in a dynamic fluidic envi-
ronment using a Ψ-type microfluidic chip20 (Extended Data Fig. 3f). 
Chemotactic displacement of the CM/NM/Mito was determined by 
comparing the fluorescence intensity distribution perpendicular to 
the direction of fluid flow. As shown in Extended Data Fig. 3g,h, it can 
be seen that CM/NM/Mito exhibited chemotaxis in a dynamic fluid 
environment, an ability that would be necessary for targeting IHD 
lesion sites.

Cellular uptake and selective exocytosis of CM/
NM/Mito
High levels of Cx43 expression in CM mediate the formation of gap 
junction channels (GJCs) with recipient cells and affect intracellular 
Ca2+ levels21,22. It has been reported that GJC formation and related 
changes in Ca2+ levels promote mitochondrial uptake by cells23. We 
hypothesized that GJC formation would promote adhesion of CM/NM/
Mito to recipient cells (normal rat intestinal epithelial cells (IEC-6) and 
H9c2 cells), thus promoting cellular uptake of CM/NM/Mito (Fig. 2a). 
The results of calcein staining and calcein release assay confirmed 
that CM/NM/Mito established GJCs with cells (Fig. 2b, Supplemen-
tary Fig. 2 and Extended Data Fig. 4a)24. GJC formation caused cells 
to take more CM/NM/Mito than unmodified mitochondria and NM/
Mito (Fig. 2c–f and Supplementary Fig. 3). In terms of the main path-
ways mediating CM/NM/Mito uptake by different cells (Extended Data 
Fig. 4b), the results were consistent with an earlier study reporting that 
cell-membrane-modified nanoparticles can fuse with cells homologous 
to the modified membrane component, whereas membrane fusion is 
not significant when the membrane component is not homologous 
to the cell type25.

Theoretically, normal intestinal epithelial cells that are not 
expressing high levels of iNOS and ROS can establish GJCs with CM/NM/
Mito and efficiently take up CM/NM/Mito26. During this process, Ca2+ 
levels increase significantly, which initiates mitochondrial exocytosis23. 
Damaged cardiomyocytes also take up CM/NM/Mito by forming GJCs; 
however, because of the elevated levels of iNOS and ROS in damaged 
cardiomyocytes, CM/NM/Mito are expected to release NO when they 
enter the cells, thereby decreasing cellular Ca2+ levels27, inhibiting 
CM/NM/Mito exocytosis (Fig. 2g). We demonstrated that intestinal 
epithelial cells and cardiomyocytes did experience an increase in Ca2+ 
levels during CM/NM/Mito uptake, whereas NO release rapidly reduced 
Ca2+ levels in damaged cells (Fig. 2h,i). Analysis of CM/NM/Mito leak-
age results showed that 68.9% of the CM/NM/Mito taken up by normal 
IEC-6 cells were actively excreted (Fig. 2j), whereas damaged IEC-6 
cells only excreted 40.5% of the CM/NM/Mito that they took up. This 
difference was even more pronounced in cardiomyocytes (Fig. 2k): nor-
mal H9c2 cells excreted 48.2% of CM/NM/Mito after uptake, whereas 
damaged H9c2 cells excreted only 13.2%. The ability of CM/NM/Mito to 
regulate cellular Ca2+ levels is important for achieving rapid exocytosis 
from intestinal epithelial cells and efficient retention by damaged 
cardiomyocytes.

In terms of the cellular location, the Pearson’s r values suggested 
that CM/NM/Mito co-localized with cardiomyocyte mitochondria 
(Fig. 2l and Supplementary Fig. 4)28, indicating that the transplanted 
mitochondria fused with the endogenous mitochondria. As shown 
in Extended Data Fig. 4c,d, the mitochondria in cells coincubated 
with CM/NM/Mito were elongated and exhibited roundness similar 
to that of normal mitochondria, both of which are factors that could 

heart of rabbit was published in 200910, only about 11 animal studies 
and two clinical studies have been carried out (detailed information 
can be found in the illustration below Extended Data Table 1), most of 
which relied on open-heart surgery (for example, intramyocardial injec-
tion) or interventional procedures (for example, intracoronary injec-
tion). The high degree of invasiveness of the transplantation method11 
and the difficulty in maintaining donor mitochondrial activity in the 
pathological environment are key factors limiting the development of 
this technology7,12. Therefore, developing a minimally invasive way to 
transplant highly active mitochondria is an important but extremely 
challenging goal.

In light of the long-term and frequent medication needs of 
patients with IHD, minimally invasive intravenous administration and 
non-invasive oral administration are considered to be the preferred 
treatment approaches. In situations where both routes of administra-
tion achieve similar therapeutic effects, oral administration is consid-
ered to be superior13. In this study, we developed a non-invasive method 
for transplanting mitochondria via the oral route. First, we prepared 
nanomotorized mitochondria (NM/Mito) that released nitric oxide 
(NO) and exhibited chemotaxis to cardiac injury sites expressing high 
levels of inducible nitric oxide synthase (iNOS) and reactive oxygen spe-
cies (ROS). Subsequently, we added cardiomyocyte membrane (CM) 
fragments asymmetrically to the surface of NM/Mito to generate CM/
NM/Mito (Fig. 1a), which were then loaded into pH-responsive enteric 
capsules to generate CM/NM/Mito@Cap (body-joint cargo module, 
CM/NM/Mito; tail-joint power module, sodium bicarbonate and citric 
acid) for oral administration. CM/NM/Mito@Cap was designed to 
remain intact in the presence of gastric acid and dissolve in the intestine 
(Fig. 1b). The rapid reaction between sodium bicarbonate and citric acid 
in the capsule’s power module was intended to generate a large amount 
of CO2, providing additional power for breaking through the intestinal 
mucus barrier. The CM component can promote the rapid endocytosis 
of mitochondria by intestinal epithelial cells, followed by exocytosis 
into the bloodstream. Subsequently, CM/NM/Mito delivered to the 
blood circulation are transported by the chemotaxis of the NM compo-
nent to the damaged site of the heart, where they are strongly retained 
in the damaged cardiomyocytes. Selective exocytosis of CM/NM/Mito 
by intestinal epithelial cells and high retention of CM/NM/Mito by dam-
aged cardiomyocytes are two crucial but highly complex aspects of this 
process. Meanwhile, CM/NM/Mito will consume ROS and generate NO 
during the chemotaxis process, regulating the disease microenviron-
ment, and thereby promoting the transplanted mitochondria to fully 
perform the function of re-establishing energy metabolism.

Biological and chemotactic properties of CM/NM/
Mito
Mitochondria were isolated from human umbilical cord mesenchymal 
stem cells (huMSCs) (Extended Data Fig. 1a). The results of morphology 
characterization demonstrated successful mitochondrial extraction 
(Fig. 1c and Extended Data Fig. 1b,c)14. Subsequently, the basic unit of 
the NM component, l-arginine derivative methacrylate (M-Arg), and the 
ROS-responsive diselenide cross-linker were synthesized and character-
ized (Extended Data Fig. 1d–g)15. NM/Mito was obtained by a free-radical 
polymerization reaction (Extended Data Fig. 1h). Characterization of the 
physicochemical properties confirmed the successful mitochondrial 
modification (Fig. 1d and Extended Data Fig. 1b,c,i,j). Next, CM was used 
to asymmetrically modify the surface of the NM/Mito by electrostatic 
interaction, yielding CM/NM/Mito (Extended Data Fig. 2a,b)16. The above 
modification process was confirmed by fluorescence co-localization and 
characteristic western blotting of the CM proteins (Fig. 1e and Extended 
Data Fig. 2c). In addition to preserving the original biological functions 
of mitochondria (Fig. 1f,g and Extended Data Fig. 2d–g)14,17, CM/NM/Mito 
were also additionally endowed with ROS-depleting and NO-generating 
abilities in the damaged cardiomyocytes (H9c2) compared with normal 
cells (Fig. 1h,i and Extended Data Fig. 2h).
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Fig. 1 | Schematic illustrations and characterization of CM/NM/Mito and the 
workflow of the oral delivery system CM/NM/Mito@Cap. a, The process of 
nanomotor and CM modification, and the compartmental design of the capsule. 
b, In vivo delivery and therapeutic pathway of CM/NM/Mito@Cap. c,d, TEM 
images of unmodified mitochondria (c) and NM/Mito (d). Scale bars, 500 nm. 
e, CLSM images of CM/NM/Mito. MitoTracker, NM/Mito; WGA, CM. Scale bars, 
10 μm. f, Quantitative analysis of CM/NM/Mito after staining with JC-1, using 
antimycin A-treated CM/NM/Mito as a control. n = 6 biologically independent 
samples. FI, fluorescence intensity. g. ATP synthesis capability of antimycin 
A-treated unmodified mitochondria, unmodified mitochondria, NM/Mito and 

CM/NM/Mito in the presence of the substrate malic acid, glutamic acid and 
ADP. n = 6 biologically independent samples. h,i, Flow cytometry quantification 
of ROS (h) and NO (i) levels in damaged H9c2 cells after coincubation with 
different samples for 24 h. n = 6 biologically independent cell samples; the 
gating strategies are provided in Extended Data Fig. 2h. Data are presented 
as mean ± s.d. Statistical significance was calculated via two-tailed unpaired 
Student’s t-test in f, and one-way analysis of variance with two-tailed least-
significant difference (LSD) multiple-comparisons test in h and two-tailed 
Dunnett T3 multiple-comparisons test in g,i.
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promote recovery of energy metabolism function in damaged car-
diomyocytes. Coincubation with CM/NM/Mito also restored the ATP 
supply in damaged cardiomyocytes (Extended Data Fig. 4e). Evaluation 
of Ca2+ transients in spontaneously beating primary cardiomyocytes 
showed that coincubating damaged cardiomyocytes with CM/NM/
Mito restored their Ca2+ transients to levels similar to those of normal 
cardiomyocytes (Fig. 2m)29.

Ability of CM/NM/Mito to cross physiological 
barriers
To protect the CM/NM/Mito from being destroyed by gastric acid in 
the oral process, we packaged them in enteric capsules30, creating 
CM/NM/Mito@Cap (Fig. 3a). As shown in Extended Data Fig. 5a and 
Fig. 3b,c, the capsules effectively protect the CM/NM/Mito from deg-
radation in a simulated environment mimicking the pH value of gastric 
acid and generate gas in the intestinal environment31. In an everted 
gut sac model32, the capsules containing the power model promoted 
CM/NM/Mito translocation through the mucus barrier and entry into 
the mucosal tissue (Fig. 3d). These results were further confirmed 
in a transwell-based intestinal epithelial barrier model33 (Extended  
Data Fig. 5b).

Next, we tested whether oral CM/NM/Mito could reach the blood-
stream. Ex vivo organ imaging and tissue slice analysis of small intestine 
demonstrated that CM/NM/Mito derived from CM/NM/Mito@Cap 
reached the intestine and was absorbed by intestinal epithelial cells 
(Fig. 3e–g); little exogenous mitochondria (derived from Mito@Cap 
and NM/Mito@Cap) localized to intestinal epithelial cells. Because 
substances absorbed by intestinal epithelial cells are transported to 
the capillaries and converge in the mesenteric vasculature34, we also 
observed significant fluorescence of CM/NM/Mito in the mesenteric 
microvessels (Fig. 3h and Supplementary Fig. 5), which was also con-
firmed by pharmacokinetic analysis (Extended Data Fig. 5c).

Finally, we evaluated the ability of oral CM/NM/Mito to target 
the ischaemic heart. Acute IHD (for example, IRI) is characterized by 
high levels of ROS production and inflammation35. For rats with acute 
IHD that received CM/NM/Mito@Cap, CM/NM/Mito fluorescence in 
the damaged heart increased over time (Extended Data Fig. 5d,e and 
Fig. 3i). The percentage oral dose per gram of heart tissue for CM/NM/
Mito was about 7.9% at 6 h after oral administration of CM/NM/Mito@
Cap (Fig. 3j), while for exogenous mitochondria reached the heart in 
rats that received Mito@Cap and NM/Mito@Cap, it was only 1.0% and 
1.1%, respectively. These results were also confirmed in a rat model of 
chronic IHD (that is, myocardial ischaemia) (Extended Data Fig. 5d,f 
and Fig. 3k,l). At 12 h, the percentage oral dose per gram of heart tissue 
in the CM/NM/Mito@Cap group was 2.9 and 2.7 times greater than 
that in the Mito@Cap and the NM/Mito@Cap groups, respectively. 
In addition, the delivery efficiency of CM/NM/Mito to the damaged 
heart when administered orally was 35.5% of that achieved via intra-
venous administration (Supplementary Fig. 6a). Moreover, the CM/
Mito (without NM component, that is, without chemotactic ability) 
had poor cardiac penetration and retention with a cardiac delivery 
efficiency of 1.7% oral dose per gram of heart tissue. Different dosing 
frequencies of CM/NM/Mito@Cap may also have an impact on cardiac 
delivery efficiency (Extended Data Fig. 5g). Furthermore, CM/NM/Mito 

were also detected in the liver and kidney (Supplementary Fig. 6b). At 
the heart tissue level, the CM/NM/Mito were mainly concentrated in 
the distal left anterior descending artery (that is, the injured myocar-
dium) (Extended Data Fig. 5h). At the cellular lever, CM/NM/Mito were 
effectively retained by damaged cardiomyocytes (Supplementary 
Fig. 7a–c). By contrast, CM/Mito delivered by CM/Mito@Cap had 
limited penetration in myocardial tissue and mostly accumulated in 
blood vessels (Supplementary Fig. 7d).

In vivo therapeutic effects and multi-omics 
analysis
In vivo, CM/NM/Mito exhibit good short-term biocompatibility (Sup-
plementary Fig. 8). Rats with acute IHD were randomly divided into an 
intravenous CM/NM/Mito group and oral CM/NM/Mito@Cap or BB 
groups (Fig. 4a). Analysis of cardiac function and histopathological 
assessment suggest that intravenous administration of CM/NM/Mito 
rapidly conferred potent cardioprotection, and that oral administra-
tion of CM/NM/Mito@Cap can achieve efficacy comparable to that of 
the intravenous injection group by increasing the frequency and total 
dose of CM/NM/Mito@Cap (Fig. 4b–g and Supplementary Fig. 9). The 
selectivity of the administration routes makes it possible to apply CM/
NM/Mito to the long-term treatment of chronic IHD.

To evaluate the therapeutic effect of CM/NM/Mito on chronic IHD 
(Fig. 4h), we induced myocardial ischaemia in rats, which decreased 
the ejection fraction of each experimental group to a level similar to 
that of the control group (Fig. 4i). Echocardiography indicated that 
although the CM/NM/Mito@Cap (5 times) group and the CM/NM/
Mito intravenous (5 times) group were dosed equally, the ejection 
fraction of the former was maintained at around 75.3%, and that of 
the latter was 66.2%, indicating that intravenous administration was 
able to provide better recovery of cardiac function. However, similar 
therapeutic effects to intravenous administration could be achieved 
by increasing the oral dose: CM/NM/Mito@Cap (14 times) was able to 
restore the ejection fraction to about 76.5%. For the groups with similar 
dosage, in the first week, the ejection fraction of the CM/NM/Mito@
Cap (15 times) group is better than that of the CM/NM/Mito@Cap (14 
times) group (75.9% versus 71.6%). However, after the second week, 
there was little difference in the ejection fraction between the CM/
NM/Mito@Cap (15 times) and CM/NM/ Mito@Cap (14 times) groups. 
In addition, both CM/NM/Mito@Cap (14 times) and CM/NM/Mito@
Cap low (14 times) whose total oral dose was one-tenth of the former, 
provided better therapeutic effects than BB. There was no significant 
decrease in ejection fraction after discontinuing the medication as 
observed in the BB group (from 69.3% to 62.8%). In terms of pathologi-
cal changes, rats that received oral administration of CM/NM/Mito@
Cap (15 times) and CM/NM/Mito@Cap (14 times) exhibited the lowest 
fibrosis levels and the highest vessel density in the heart compared 
with other groups (Fig. 4j–l). Furthermore, CM/NM/Mito intracardiac 
injection restored mitochondrial function better than unmodified 
mitochondria (Supplementary Fig. 10), which may be due to the fact 
that the former not only has mitochondria with integrative structure, 
but also has the function of inflammatory microenvironment regula-
tion. Taken together, these results suggest that oral administration of 
CM/NM/Mito@Cap could provide convenient, non-invasive, long-term 

Fig. 2 | Cellular uptake, selective exocytosis and therapeutic effects of CM/
NM/Mito. a, Schematic illustration of CM/NM/Mito establishing GJCs with 
recipient cells. b, CLSM images of normal IEC-6 and H9c2 cells forming GJCs 
with CM/NM/Mito in calcein medium. Black circles, calcein-stained area. Scale 
bars, 20 μm. c–f, CLSM images and quantification of different samples in normal 
IEC-6 (c,d) and H9c2 cells (e,f). MitoTracker, samples; DiO or WGA, membranes; 
Hoechst 33342, nuclei. Scale bars, 50 μm. (1) Unmodified mitochondria; (2) 
NM/Mito; (3) CM/NM/Mito. n = 6 biologically independent cell samples. g, The 
mechanism of selective exocytosis of CM/NM/Mito by cells with different states. 
h,i, The curve of Ca2+ levels in normal and damaged IEC-6 (h) and H9c2 cells (i). 

j,k, Quantification of CM/NM/Mito leakage ratio in normal and damaged IEC-6 
(j) and H9c2 (k) cells. n = 6 biologically independent cell samples. l, CLSM images 
and Pearson’s correlation coefficients showing the co-localization of the cells’ 
own mitochondria with different samples in damaged H9c2 cells. MitoTracker 
Deep Red, samples; MitoTracker Green, cells’ own mitochondria; Hoechst 33342, 
nucleus. Scale bars, 50 μm. m, Calcium transient of primary cardiomyocytes 
coincubated with different samples for 24 h. Data are presented as mean ± s.d. 
Statistical significance was calculated via one-way ANOVA with two-tailed LSD 
multiple-comparisons test in d,f, and two-tailed unpaired Student’s t-test in j,k.
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Fig. 3 | Characterization of CM/NM/Mito crossing multiple physiological 
barriers and targeting the ischaemic heart. a, Schematic illustration of the 
assembly process of CM/NM/Mito@Cap. b, Disintegration process of capsules 
with fuel in PBS. Scale bars, 5 mm. c, Gas production of capsules with or without 
fuel in the rat intestinal fluid. Scale bar, 5 mm. d. Schematic illustration of everted 
gut sac and CLSM images of ileal sections. MitoTracker, CM/NM/Mito; DAPI, 
nuclei. Scale bars, 500 μm. e, Schematic illustration of the observation site.  
f, Ex vivo imaging and quantification of intestinal tissues after oral 
administration of CM/NM/Mito@Cap in rats. n = 6 biologically independent 
animal samples. g,h, CLSM images and quantification of ileal sections (g), and 

in vivo fluorescence images and quantification of mesenteric microvasculature 
(h) after oral administration of (1) Mito@Cap, (2) NM/Mito@Cap and (3) CM/
NM/Mito@Cap in rats. MitoTracker, samples; DAPI, nuclei. Scale bars, 100 μm. 
n = 6 biologically independent animal samples. i–l, Ex vivo imaging of hearts 
and cardiac delivery efficiency of (1) Mito@Cap, (2) NM/Mito@Cap and (3) CM/
NM/Mito@Cap after oral administration in the acute IHD model (i,j) and in the 
chronic IHD model (k,l). n = 4 biologically independent animal samples. Data 
are presented as mean ± s.d. Statistical significance was calculated via one-way 
ANOVA with two-tailed Dunnett T3 multiple-comparisons test in g and two-tailed 
LSD multiple-comparisons test in h,j,l.
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Fig. 4 | In vivo therapeutic efficacy of CM/NM/Mito@Cap on IHD. a, Schematic 
illustration of the animal treatment protocol in the acute IHD model. b,c, M-mode 
echocardiograms (b) and quantification (c) of cardiac function in acute IHD 
rats. n = 3 biologically independent animal samples. d,e, CLSM images (d) and 
quantification (e) of TUNEL-stained cardiac sections in the acute IHD rats. TUNEL, 
apoptotic cardiomyocytes; DAPI, nuclei. Scale bar, 100 μm. n = 4 biologically 
independent animal samples. f,g, Representative images (f) and quantification 
(g) of Evans blue/TTC-stained cardiac sections in the acute IHD rats. n = 3 
biologically independent animal samples. Samples in c–g: (1) sham, (2) control, 
(3) oral administration of BB, (4) intravenous administration of CM/NM/Mito, (5) 
oral administration of CM/NM/Mito@Cap. h, Schematic illustration of the animal 
treatment protocol in the chronic IHD model. i, Curve of ejection fraction during 

the treatment in the chronic IHD model. n = 3 biologically independent animal 
samples in the sham, control, BB, CM/NM/Mito@Cap (15 times) and CM/NM/
Mito intravenous (5 times) groups. n = 5 biologically independent animal samples 
in the CM/NM/Mito@Cap (14 times), CM/NM/Mito@Cap low (14 times) and CM/
NM/Mito@Cap (5 times) groups. j,k, Quantification of collagen volume fraction 
(j) and vessel density (k) in the chronic IHD model. n = 4 biologically independent 
animal samples. l, Images of Masson-stained cardiac sections (scale bar, 5 mm) 
and CLSM images and of CD31-immunostained cardiac sections in the chronic 
IHD rats. CD31, vessels; DAPI, nuclei. Scale bars, 100 μm. Data are presented as 
mean ± s.d. Statistical significance was calculated via one-way ANOVA with two-
tailed LSD multiple-comparisons test in c,j,k and two-tailed Dunnett T3 multiple-
comparisons test in e,g.
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Fig. 5 | Cardiac multi-omics analysis of the CM/NM/Mito@Cap effect on 
acute IHD. a–f, Transcriptomics analysis in the acute IHD model. GO enrichment 
analysis showing DEGs in the control group compared with the sham group  
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cardioprotection in the context of chronic IHD. In addition, the results 
in Extended Data Fig. 6 demonstrated the good biocompatibility of 
CM/NM/Mito@Cap in the long term.

We carried out transcriptome sequencing of heart tissue from 
rats with acute IHD treated with CM/NM/Mito@Cap or left untreated 
(Extended Data Fig. 7a). Gene Ontology (GO)-based functional 

enrichment analysis showed that treatment with CM/NM/Mito@Cap 
was associated with up-regulation of key genes involved in angiogen-
esis. In addition, the expression of genes associated with neutrophil 
chemotaxis was reduced in the CM/NM/Mito@Cap group compared 
with the untreated group, implying a reduction in cardiac inflamma-
tion (Fig. 5a–d and Supplementary Figs. 11 and 12). Mitochondrial 
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transplantation also affects the cardiomyocyte cell cycle36. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis showed that multiple pathways beneficial for therapeutic 
efficacy, such as cardiac muscle contraction, were up-regulated in the 
CM/NM/Mito@Cap compared with the untreated group (Fig. 5e,f and 
Supplementary Figs. 13 and 14). To determine whether the changes 
observed at the transcript level affected downstream metabolites, we 
performed non-targeted metabolomics analysis. Overall, the metabo-
lomics analysis showed that acute IHD disrupted cardiomyocyte lipid 
metabolism in a rat model, and that CM/NM/Mito@Cap treatment, in 
addition to rescuing cellular lipid metabolism, also comprehensively 
mobilized cellular energy metabolism and glucose metabolism to 
improve cellular metabolic function as a whole (Fig. 5g–i). Further-
more, transmission electron microscopy (TEM) analysis of the rat heart 
showed reduced mitochondrial swelling, disruption and cristae loss in 
cardiomyocytes after CM/NM/Mito@Cap treatment (Fig. 5j).

Next, we performed transcriptome sequencing of heart tissue 
from a rat model of chronic IHD (Extended Data Fig. 7b and Supplemen-
tary Figs. 15 and 16). Compared to the untreated group, genes that were 
significantly up-regulated after intravenous CM/NM/Mito or oral CM/
NM/Mito@Cap treatment were associated with mitochondrial struc-
ture and function (Fig. 6a,b). In addition, genes related to the tricarbo-
xylic acid cycle and cardiac muscle contraction were up-regulated in 
the heart after treatment. Genes that were down-regulated in the heart 
after treatment were mainly involved in biological processes related 
to the response to hypoxia, wound healing and especially the extracel-
lular matrix (Fig. 6c,d). Moreover, KEGG pathway enrichment analysis 
(Fig. 6e,f) showed that the differentially expressed genes (DEGs) that 
were up-regulated in the oral CM/NM/Mito@Cap group compared with 
the untreated group were involved in cardiac muscle contraction and a 
variety of cellular metabolic processes, including energy metabolism 
and lipid metabolism. In addition, beneficial adrenergic signalling in 
cardiomyocytes was enhanced in rats treated with oral CM/NM/Mito@
Cap or intravenous CM/NM/Mito37. The results of the multi-omics 
analysis were also validated by quantitative real-time polymerase 
chain reaction (qRT-PCR) (Supplementary Fig. 17). Taken together, oral 
administration of CM/NM/Mito@Cap exerts its therapeutic effects on 
chronic IHD by comprehensively rebuilding cardiac energy metabolism 
and attenuating myocardial fibrosis at the transcriptional level.

Conclusions
We synthesized nanomotorized mitochondria and validated their utility 
in mediating mitochondrial transplantation via oral administration to 
treat IHD. Modification of the nanomotors not only effectively main-
tained mitochondrial activity during the delivery process, but also 
enabled them to navigate to the damaged heart tissue via chemotaxis 
toward high levels of iNOS/ROS expression. In particular, the nanomo-
torized mitochondria quickly crossed the intestinal barrier and were 
effectively retained by damaged cardiomyocytes by regulating the 
intracellular Ca2+ levels with different states. The cardiac targeting 
efficiency of nanomotorized mitochondria packaged in enteric cap-
sules and ingested orally can be increased from 1% (unmodified mito-
chondria) to 7.9% (percentage oral dose per gram of heart tissue). Oral 
administration of nanomotorized mitochondria not only significantly 
restored cardiac function in a rat model of IHD, but also maintained 

cardiac function at this level for 2 weeks after discontinuation. Fur-
thermore, transcriptomic and metabolomic analyses showed that oral 
administration of CM/NM/Mito@Cap fully restored cardiomyocyte 
mitochondrial function in both acute and chronic IHD models, improv-
ing overall cellular lipid, glucose and energy metabolism, and signifi-
cantly enhancing the contractile capacity of the cardiomyocytes. This 
non-invasive mitochondrial transplantation strategy has important 
implications for halting, rather than simply delaying, deterioration in 
patients with chronic IHD who require long-term medication.
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Methods
Cell culture
The H9c2 rat cardiomyocyte cell line (catalogue number XY-R025) and 
the IEC-6 rat intestinal epithelial cell line (catalogue number XY-R008) 
were purchased from Shanghai Xinyu Biological Technology. The 
huMSCs were provided by Nanjing Taisheng Biotechnology. Unless 
otherwise specified, H9c2 cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM, Sperikon Life Science & Biotechnology, 
catalogue number SP03010500) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin in a humidified atmos-
phere that contained 5% CO2 at 37 °C. The IEC-6 cells were cultured in 
complete medium containing insulin (0.1 U ml−1). The huMSCs were 
cultured in complete medium containing 89% DMEM/F12, 10% FBS 
and 1% penicillin/streptomycin. All cell lines tested negative for myco-
plasma contamination.

Animals
Experiments were performed on male SD rats (180 g body weight, 6–8 
weeks, purchased from Spearfish (Beijing) Biotechnology). Rats were 
kept in a breeding colony with 12 h light/dark cycles in standard cages 
housing maximally five adult rats with ad libitum access to food and 
water. All animal experimental operations were in accordance with the 
specifications of the Guide for the Care and Use of Laboratory Animals, 
and all experimental procedures and protocols were approved by the 
Animal Experimentation Ethics Committee of Nanjing Normal Univer-
sity (approval number IACUC-20200802).

M-Arg synthesis
M-Arg was obtained by reacting l-arginine with methacrylic anhy-
dride15. l-Arginine (11.5 mmol, Shanghai Yuanye Bio-Technology) was 
completely dissolved in a combination of deionized water (20 ml) and 
1,4-dioxane (8.5 ml, Sinopharm Chemical Reagent). While stirring, 
triethylamine (32.3 mmol, Aladdin Chemistry) was introduced, and 
the solution was cooled using an ice/water bath. Methacrylic anhydride 
(18.9 mmol, Aladdin Chemistry) was added dropwise to the solution 
within 10 min, and the solution was then cooled to 0 °C. Next, the 
solution was removed from the ice/water bath and stirred at room 
temperature overnight. Then, the solution was slowly dripped into 
acetone (Sinopharm Chemical Reagent), and the lower precipitate was 
aspirated, centrifuged and washed with acetone. Finally, the precipitate 
was vacuum-dried to obtain M-Arg.

Diselenide cross-linker synthesis
To obtain the diselenide cross-linker15, selenocysteamine hydrochlo-
ride (3.0 mmol, Shanghai Bide Pharmaceutical Technology) was dis-
solved in anhydrous dichloromethane (60.0 ml, J&K Scientific), and 
triethylamine (25.8 mmol) was added with stirring. The reaction was 
carried out for 30 min in an ice/water bath. Next, methacryloyl chloride 
(12.4 mmol, Sinopharm Chemical Reagent) was added dropwise to the 
solution, which was then removed from the ice/water batch and allowed 
to react at room temperature for 24 h in a nitrogen atmosphere. Impuri-
ties in the reaction solution were removed by extraction with deionized 
water. Subsequently, the solution was dried with anhydrous Na2SO4 
(Sinopharm Chemical Reagent) overnight, and then the organic phase 
was removed by evaporation under reduced pressure. The product was 
purified on a silica gel column using a mixture of ethylacetate/petro-
leum ether (1/2, v/v) and subjected to rotary evaporation and drying 
to yield the ROS-responsive diselenide cross-linker.

Triphenylphosphine-NH2 synthesis
To obtain triphenylphosphine (TPP)-NH2 (ref. 38), a mixture of ace-
tonitrile (40 ml), 2-bromoethylamine hydrobromide (10 mmol) and 
TPP (10 mmol) was condensed and refluxed at 90 °C for 24 h. After 
evaporation at 80 °C, the crystals were dissolved in distilled water. 
The pH of the solution was then adjusted to 11.0 with NaOH (2 M). After 

removing the amine with methanol and removing NaBr by filtering, 
ether precipitation was performed to yield TPP-NH2.

CM preparation
CM was harvested as described in a previous publication, with minor 
changes39. Briefly, H9c2 cells were washed with PBS. After centrifugation 
at 800g, the cells were suspended in hypotonic lysing buffer containing 
Tris–HCl (30 mM), d-mannitol (225 mM), sucrose (75 mM), ethylene 
glycol tetraacetic acid (EGTA, 0.2 mM) and phenylmethanesulfonyl 
fluoride (PMSF, 1 mM) (all reagents were obtained from Shanghai Yuanye 
Bio-Technology). The cells were then disrupted using a Dounce homog-
enizer. After centrifugation at 20,000g for 25 min at 4 °C, the supernatant 
was collected and centrifuged again at 100,000g for 2 h at 4 °C. Then, the 
CM precipitate was resuspended in PBS containing PMSF and EGTA to a 
final total protein concentration of 500 μg ml−1. To generate CM labelled 
with WGA, H9c2 cells were collected and stained with wheat germ agglu-
tinin (WGA) (10 μg ml−1, Beijing Solarbio Science & Technology, catalogue 
number I3300) for 30 min. After centrifugation to remove the staining 
solution, the cells were washed with PBS and centrifuged again to obtain 
the WGA-labelled H9c2 cells. Then, CM was prepared as described above.

Mitochondrial isolation
Mitochondria were isolated using a Mitochondrial Isolation Kit 
(Thermo Fisher Scientific, catalogue number 89874) according to the 
manufacturer’s instructions14,40. Mitochondria obtained from 2 × 107 
huMSCs were resuspended in 100 μl of PBS containing PMSF.

NM/Mito preparation
An unmodified mitochondrial suspension (1 × 1010 particles ml−1, 
100 μl) was mixed with N-acryloyloxysuccinimide aqueous solu-
tion (1 mg ml−1, 100 μl), and the reaction was allowed to proceed for 
6 h at 4 °C. After centrifugation at 12,000g for 5 min, 200 μl of PBS 
was added to induce dispersion, and mitochondria modified by the 
addition of carbon–carbon double bonds were obtained. Diselenide 
cross-linker (0.4 mg) and M-Arg (1.9 mg) were dissolved in 500 μl of 
PBS, and the resulting solution was mixed with 200 μl of mitochondria 
modified by the addition of carbon–carbon double bonds. N,N,N′,N
′-Tetramethylethylenediamine (1.0 g ml−1, 45 μl) and ammonium per-
oxodisulfate (1 g ml−1, 25 μl) were added to the solution, and the reaction 
was allowed to proceed at 4 °C for 12 h in a nitrogen atmosphere. After 
centrifugation at 12,000g for 10 min at 4 °C, the NM/Mito precipitate 
was resuspended in PBS containing PMSF.

CM/NM/Mito and CM/Mito preparation
CM/NM/Mito and CM/Mito were obtained by electrostatic interac-
tion between CM and NM/Mito or unmodified mitochondria16. First, 
an unmodified mitochondria suspension or an NM/Mito suspension 
(5 × 109 particles ml−1, 200 μl) was added to polylysine-coated 24-well 
plate. The plate was centrifuged at 5,000g for 5 min to allow the unmod-
ified mitochondria or NM/Mito to attach to the bottom of the wells, and 
the plates were incubated for 1 h. Then, the supernatant was removed, 
TPP-NH2 (1 mg ml−1, 200 μl) was added and the reaction was allowed to 
proceed for 0.5 h. After removal of the free TPP-NH2, a CM suspension 
(protein concentration, 500 μg ml−1, 200 μl) was added, and the reac-
tion was allowed to proceed for 1 h. Next, the supernatant containing 
any unbound CM was removed, the wells were washed with PBS, and 
the CM/Mito or CM/NM/Mito were separated from the bottom of the 
plate by repeated pipetting and transferred to centrifuge tubes. After 
centrifugation at 12,000g for 5 min at 4 °C, the CM/Mtio or CM/NM/
Mito precipitate was resuspended in PBS containing PMSF.

MitoTracker labelling
MitoTracker Deep Red FM (Cell Signaling Technology, catalogue 
number 8778) was added to suspended mitochondria, NM/Mito or 
CM/NM/Mito to reach the desired working concentration (in vitro 
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cellular uptake study, 1 μM; CM/NM/Mito cellular leakage ratio assay 
and Transwell-based intestinal barrier study, 50 μM; in vivo pharma-
cokinetic and targeting effect study, 100 μM), and the solution was 
incubated at room temperature in the dark for 30 min to allow the 
chloromethyl group of the probe to react with mitochondrial thiols.

Characterization of the physicochemical properties of the 
modified mitochondria
The surface morphology and dimensions of modified mitochondria 
were assessed using a JEM-2100 transmission electron microscope 
and a 200 kV field-emission transmission electron microscope ( JEOL 
JEM-2100F). Zeta potential and particle size were measured using a 
Nano-Z Zetasizer (Malvern Instruments). The particles were counted 
via high-resolution, real-time dynamic nanoparticle detection using 
a NanoSight NS 300 apparatus (Malvern Instruments). The 1H NMR 
spectra was recorded on a Bruker Avance 400 spectrometer.

NM/Mito protein detection by Coomassie brilliant blue staining
Mitochondria and NM/Mito were lysed with radio immunoprecipitation 
assay (RIPA) buffer to perform sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE). After electrophoresis, the gel was placed 
in Coomassie brilliant blue staining solution (Beyotime Biotechnology, 
catalogue number P0017B) and stained at room temperature for 1 h. After 
decolorization in a solution containing 40% ethanol, 10% acetic acid and 
50% deionized water at room temperature for 6 h, the gels were imaged.

CM/NM/Mito protein detection by western blotting
Unmodified mitochondria, CM and CM/NM/Mito were lysed with RIPA 
buffer and subjected to SDS–PAGE. After electrophoresis, the proteins 
were transferred to polyvinylidene difluoride membranes. The mem-
branes were then blocked with non-fat milk, followed by incubation 
with primary antibodies (anti-Cx43: Proteintech, catalogue number 
26980-1-AP (1:1,000 dilution); anti-Na/K ATPase: Abcam, catalogue 
number ab76020 (1:20,000 dilution)) and then secondary antibod-
ies, and the chemiluminescent signal was detected using an imaging 
system (Tanon 5200 Multi).

Mitochondrial membrane potential detection by JC-1 labelling
Unmodified mitochondria, NM/Mito and CM/NM/Mito were treated 
with antimycin A (1 mM) for 30 min to serve as negative controls. The 
negative controls, unmodified mitochondria, NM/Mito and CM/NM/
Mito were then incubated with the JC-1 probe (20 μM, FcMACS, cata-
logue number FMS-FZ006) at room temperature for 15 min. After 
washing with PBS and centrifuging at 12,000g for 10 min, the samples 
labelled with JC-1 were resuspended in PBS. The fluorescence inten-
sity (excitation/emission, 488 nm/525 nm and 488 nm/590 nm) was 
detected using a fluorescence spectrophotometer (Hitachi F4600).

CM/NM/Mito bioactivity detection by ATP synthesis assay
The assay solution was prepared on ice (all reagents were purchased 
from Sigma) and consisted of 15 μl of mixed substrate (10 mM gluta-
mate and 5 mM malate), 15 μl of ADP (10 mM) and 20 μl of antimycin 
A-treated unmodified mitochondria, unmodified mitochondria, NM/
Mito or CM/NM/Mito (1 × 109 particles ml−1). Using an ATP assay kit 
(Beyotime Biotechnology, catalogue number S0026) according to 
the manufacturer’s instructions, 100 μl of assay working solution and 
50 μl of the assay solution described above were added to each well of 
a black 96-well plate, and the luminescence intensity was measured 
using a multifunctional enzyme labelling instrument (TECAN Spark).

CM/NM/Mito bioactivity detection by mitochondrial complex 
analysis
An Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, cata-
logue number P0010S) was used to quantify the unmodified mitochon-
drial, NM/Mito and CM/NM/Mito samples. The activity of mitochondria 

complex I and mitochondria complex V was assessed by colorime-
try using commercial kits (Abbkine, catalogue numbers KTB1850, 
KTB1890) with a multifunctional enzyme-labelling instrument accord-
ing to the manufacturer’s instructions.

Detection of cellular ROS and NO levels by flow cytometry
H9c2 cells were inoculated into six-well plates and incubated overnight. 
Then, normal cells or hypoxia reoxygenation (HR)-injured cells were 
coincubated with CM/NM/Mito (5 × 106 particles ml−1) for another 
24 h. An ROS fluorescent probe (DCFH-DA) and a NO fluorescent probe 
(DAF-FM DA) were diluted to 10 μM and 2.5 μM, respectively, and added 
to the cells, which were then incubated for 30 min at 37 °C according 
to the kit instructions (Beyotime Biotechnology, catalogue numbers 
S0033S, S0019). The stained cells were collected and immediately 
subjected to flow cytometry analysis using a BD Accuri C6 Plus flow 
cytometer. Here, the cells were subjected to HR injury as follows: the 
cells were washed several times with PBS, cultured in a glucose-free 
and serum-free DMEM, and incubated in an Anaeropack hypoxia box 
(Mitsubishi Gas Chemical, 0.1% O2 and 5% CO2) for 3 h, followed by 
reoxygenation in the complete medium containing glucose and 10% 
FBS in a 21% O2 and 5% CO2 atmosphere.

Assessment of chemotaxis behaviour using a Y channel
A glass-bottomed Y channel was customized to have the following 
dimensions: the main channel was 1 cm long and 0.4 cm wide, and the 
branch channels were 1 cm long and 0.3 cm wide. To create a chemokine 
gradient, agarose gels (1%, w/v) containing lysates of normal H9c2 cells 
or damaged H9c2 cells (prestimulated for 24 h with 1 μg ml−1 lipopoly-
saccharides (LPS)) were prepared. As shown in Extended Data Fig. 3a, 
equivalent volumes (500 μl of the agarose gels contained 250 μl of cell 
lysates (1 × 106 cells ml−1)) were loaded into reservoirs ii (damaged) and 
iii (normal) of the branching channels, and the channels were filled 
with 400 μl of PBS. Then, 20 μl of MitoTracker-labelled unmodified 
mitochondria or CM/NM/Mito was gently dropped into reservoir i 
(samples). Fluorescence images of reservoirs ii and iii were taken with 
an inverted fluorescence microscope (MSHOT MF53-N) at specific 
time points, and the fluorescence intensity was analysed using Image 
J v.1.54f.

Assessment of chemotaxis behaviour using a Ψ microfluidic 
device
A glass-bottomed Ψ microfluidic device was customized to have 
the following dimensions: 2.2 cm long, 1.5 mm wide, 0.3 mm high. 
MitoTracker-labelled unmodified mitochondria or CM/NM/Mito 
(1 × 109 particles ml−1) were injected into channel ii at a flow rate of 
0.6 ml h−1. Lysates of normal H9c2 cells and LPS-treated H9c2 cells 
(prestimulated for 24 h with 1 μg ml−1 LPS) were injected into chan-
nels i and iii at the same flow rate. Once the flow rate had stabilized, 
an inverted fluorescence microscope was used to continuously scan 
and record the outlet for 1 min (30 frames per second). The normal-
ized fluorescence intensity perpendicular to the flow direction was 
measured using Image J v.1.54f.

Visualization of GJC formation by calcein staining
To carry out the calcein staining process24, IEC-6 cells and H9c2 cells 
were inoculated into glass-bottomed confocal microscopy dishes and 
cultured overnight. After washing with PBS, the cells were incubated 
in conditioned medium containing calcein (50 nM, Beijing Solarbio 
Science & Technology, catalogue number C7600) and unmodified 
mitochondria, NM/Mito or CM/NM/Mito (5 × 106) for 30 min. Then, 
confocal laser scanning microscopy (CLSM) with an Olympus FV3000 
was performed to observe the calcein-stained cells. A portion of the 
cells were incubated with carbenoxolone (CBX, 100 μM, Shanghai 
Yuanye Bio-Technology, catalogue number 5697-56-3) for 2 h before 
the addition of the CM/NM/Mito to block GJC formation.
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Assessment of GJC formation by calcein release assay
IEC-6 cells and H9c2 cells were inoculated into 96-well plates and cul-
tured overnight. After washing with PBS, the cells were incubated 
in conditioned medium containing calcein-AM (500 nM, Beyotime 
Biotechnology, catalogue number C2012) for 30 min. Subsequently, 
the cells were incubated in serum-free DMEM for 30 min to convert 
the intracellular calcein-AM to calcein, which only diffuses across the 
cell membrane at very low levels. After washing with PBS, the cells 
were incubated in 200 μl of serum-free DMEM containing unmodified 
mitochondria, NM/Mito or CM/NM/Mito (1 × 106) for 30 min. Calcein 
fluorescence in the supernatant was then detected using a multifunc-
tional enzyme-labelling instrument to assess the level of calcein release 
from the cells. A portion of the cells was incubated with CBX (100 μM) 
for 2 h before the addition of CM/NM/Mito to block GJC formation.

Cellular uptake assessment
IEC-6 cells and H9c2 cells were inoculated into glass-bottomed confocal 
microscopy dishes and incubated overnight. The next day, the cells were 
coincubated with MitoTracker-labelled unmodified mitochondria, 
NM/Mito or CM/NM/Mito (5 × 106 particles ml−1) for 6 h, and the IEC-6 
and H9c2 cells were stained with 3,3'-dioctadecyloxacarbocyanine 
perchlorate (DiO) (5 μM, Beyotime Biotechnology, catalogue number 
C1038) and WGA (10 μg mL−1), respectively. Cellular uptake results were 
observed by CLSM.

Intracellular Ca2+ imaging
IEC-6 cells and H9c2 cells were inoculated into glass-bottomed confocal 
microscopy dishes and cultured overnight. Cells were stimulated with 
LPS (1 μg ml−1) for 24 h and then washed several times with PBS. The 
cells were then coincubated with the Fluo-4 AM probe (4 μM, Beyo-
time Biotechnology, catalogue number S1060) for 90 min, followed 
by incubation in serum-free DMEM for another 30 min, during which 
time the Fluo-4 AM taken up by the cells was converted to Fluo-4 and 
bound to intracellular Ca2+. After washing the cells several times with 
PBS, a peristaltic pump (Baoding Chuangrui Precision Pump, CM1000) 
was used to inject buffer (10 mM HEPES, 136.0 mM NaCl, 4.8 mM KCl, 
1.2 mM CaCl2, 1.2 mM MgSO4, 4.0 mM glucose and 0.1% BSA)41 into 
the medium, and the baseline Ca2+ fluorescence (F0) was recorded for 
1 min using an orthogonal fluorescence microscope (Ningbo YONG 
XIN Optics, NE950). Subsequently, CM/NM/Mito (5 × 106 particles ml−1) 
were injected into the medium, and the change in cellular Ca2+ fluo-
rescence (ΔF) was recorded. Finally, the fluorescence intensity was 
analysed using Image J v.1.54f) and expressed as ΔF/F0.

CM/NM/Mito leakage assay
IEC-6 cells and H9c2 cells were inoculated into 12-well plates and cultured 
overnight. Normal ICE-6 cells and ICE-6 cells prestimulated with LPS 
(1 μg ml−1) for 24 h, and normal H9c2 cells and HR-injured H9c2 cells, 
were coincubated with MitoTracker-labelled CM/NM/Mito (5 × 106 par-
ticles ml−1) for 6 h. The culture supernatant was then removed and the 
cells were washed several times with PBS, followed by further incubation 
in fresh DMEM. At 0 h and 12 h, cell supernatants were collected, and the 
cells were lysed with RIPA buffer to obtain cell lysates. The MitoTracker 
fluorescence intensity in the culture supernatants and cell lysates was 
detected using a multifunctional enzyme marker. The CM/NM/Mito 
content in the culture supernatants and cell lysates was calculated by 
comparing the fluorescence intensity to a standard curve. Finally, the 
CM/NM/Mito leakage ratio was expressed as the ratio of the CM/NM/
Mito content in the culture supernatant to the total CM/NM/Mito content 
(the sum of CM/NM/Mito content in the supernatant and cell lysate).

Characterization of membrane fusion of CM/NM/Mito with 
recipient cells
IEC-6 cells and H9c2 cells were inoculated into glass-bottomed con-
focal microscopy dishes, and the H9c2 cells were subjected to HR 

injury. Subsequently, the cells were coincubated with CM/NM/Mito 
(5 × 106 particles ml−1) double-labelled with WGA and MitoTracker for 
6 h. The recipient cell membranes were stained with DiL (5 μM, Jiangsu 
Keygen Biotech, catalogue number KGMP002), and the nuclei were 
stained with Hoechst 33342. The cells were then observed by CLSM 
and Pearson’s r values were analysed using the Colco2 plugin for Image 
J v.1.54f.

Characterization of mitochondrial fusion between CM/NM/
Mito and damaged cardiomyocytes
Endogenous HR-injured H9c2 cell mitochondria were labelled with 
MitoTracker Green (20 nM, Beyotime Biotechnology, catalogue num-
ber C1048). Subsequently, the cells were coincubated with MitoTracker 
Deep Red-labelled unmodified mitochondria, NM/Mito or CM/NM/
Mito (5 × 106 particles ml−1) for 6 h, and recipient cell nuclei were stained 
with Hoechst 33342. The cells were then observed by CLSM and ana-
lysed using Image J v.1.54f.

Measuring cardiomyocyte ATP content
H9c2 cells were inoculated into six-well plates and cultured overnight. 
HR-injured H9c2 cells were coincubated with unmodified mitochon-
dria, NM/Mito or CM/NM/Mito (5 × 106 particles ml−1). After washing 
several times with PBS, the cells were lysed with 200 μl lysis buffer from 
the ATP assay kit. The lysates were centrifuged at 12,000g for 5 min at 
4 °C, and the supernatant was collected for testing. In total, 100 μl of 
assay working solution and 20 μl of lysates were added to each well of 
a black 96-well plate, and the luminescence intensity was measured 
using a multifunctional enzyme-labelling instrument.

Morphological analysis of cardiomyocyte mitochondria
H9c2 cells were inoculated into glass-bottomed confocal microscopy 
dishes and cultured overnight. HR-injured H9c2 cells were coincubated 
with unmodified mitochondria, NM/Mito or CM/NM/Mito (5 × 106 parti-
cles ml−1). After washing several times with PBS, cells were fixed in 100% 
cold methanol for 15 min at −20 °C. CLSM images of the mitochondria 
were taken. A previously published Image J v.1.54f macro was used to 
quantify average mitochondrial roundness42.

Ca2+ transient detection in primary cardiomyocytes
Neonatal rats (<24 h old) were purchased from Spearfish (Beijing) Bio-
technology. Primary cardiomyocytes were isolated from the neonatal 
rats43, resuspended in prewarmed complete medium containing 88.5% 
Iscove’s modified Dulbecco’s medium (IMDM), 10% FBS, 0.5% glutamine 
and 1% penicillin/streptomycin and inoculated into glass-bottomed 
confocal microscopy dishes precoated with fibronectin (25 μg ml−1 
Beijing Solarbio Science & Technology, catalogue number F8180). After 
48 h, the primary cardiomyocytes were transferred to glucose-free 
and serum-free IMDM and incubated in an Anaeropack hypoxia box 
for 1 h. The cells were then reoxygenated in complete medium in a 
21% O2 and 5% CO2 atmosphere, and coincubated with unmodified 
mitochondria, NM/Mito or CM/NM/Mito (5 × 106 particles ml−1). After 
incubation for 24 h, the cells were stained with Fluo-4 AM (4 μM) for 
90 min. Intracellular calcium transients in the spontaneously beating 
primary cardiomyocytes were recorded by CLSM.

Assessment of CM/NM/Mito and endogenous mitochondria 
secretion in a transwell-based intestinal epithelial barrier 
model
IEC-6 cells were inoculated at 104 cells per well into the type I 
collagen-coated upper chamber (pore size, 3 μm) of a Transwell device 
and cultured for 18 days to form a tightly connected monolayer33. 
Then, 200 μl of unmodified mitochondria or CM/NM/Mito (5 × 107 par-
ticles ml−1) with MitoTracker Deep Red labelling were added to the 
upper chamber, and 500 μl of complete medium was added to the 
lower chamber. The medium in the lower chamber was collected at 
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different time points and replaced with fresh complete medium. Fluo-
rescence intensity in the medium was detected using a multifunctional 
enzyme-labelling instrument and summed to calculate the cumulative 
increase in fluorescence at each time point.

Preparation and characterization of the enteric capsules
To assess the pH responsiveness of the capsules, the cap section (pro-
pulsion module) of large commercial enteric capsules (2 cm long and 
0.5 cm wide) was filled with sodium bicarbonate (60 mg) and citric 
acid (60 mg) and nested into a body section (cargo module) filled 
with Evans blue. The capsules were then immersed in PBS at pH 2.0 or 
7.4, and their degradation was recorded. Similarly, compartmental-
ized enteric capsules were prepared using small customized enteric 
capsules (Yuyan Instruments, catalogue number YG01-2, 0.5 cm long 
and 0.2 cm wide) filled with sodium bicarbonate (6 mg) and citric acid 
(6 mg), and their degradation was recorded at the same pH values. In 
subsequent experiments, the cargo module of each capsule was filled 
with unmodified mitochondria, NM/Mito or CM/NM/Mito and nested 
with the propulsion module.

Characterization of enteric capsule degradation in intestinal 
fluid
To obtain the intestinal fluid, a sonde needle was inserted into the small 
intestine, and the intestinal contents were flushed with 20 ml of cold 
PBS44. The flushed intestinal contents were then centrifuged at 1,500g 
for 10 min to remove particulates, yielding supernatants comprising 
intestinal fluid. Capsules with or without sodium bicarbonate (6 mg) 
and citric acid (6 mg) were placed in the intestinal fluid, and their 
degradation was recorded.

Assessment of CM/NM/Mito@Cap transmucosal penetration 
in the everted gut sac model
Briefly, small-intestine segments were harvested from rats and gently 
flushed with saline. One end of the gut segment was ligated by sutur-
ing, the lumen was filled with saline and the other end of the gut sac 
was also ligated shut32. The filled sac was then placed in a dish contain-
ing 5 ml of intestinal fluid and CM/NM/Mito@Cap (containing 1 × 108 
MitoTracker-labelled CM/NM/Mito) with or without sodium bicarbo-
nate (6 mg) and citric acid (6 mg) for 1 h. The everted gut sac was then 
flash-frozen and sectioned, and CLSM images were taken.

Mesenteric microvascular imaging
Rats ingested one Mito@Cap, NM/Mito@Cap or CM/NM/Mito@Cap 
containing 1 × 109 MitoTracker-labelled particless and were anaesthetized 
3 h later. An abdominal incision was made, and the mesenteric microvas-
culature was observed using a fluorescence inverted microscope.

In vivo pharmacokinetics assay
Rats ingested one Mito@Cap or CM/NM/Mito@Cap containing 1 × 109 
MitoTracker-labelled unmodified mitochondria or CM/NM/Mito. 
Serum was collected at different time points after oral administration 
of the capsules. Fluorescence intensity in the serum was measured 
using a multifunctional enzyme marker.

In vivo biocompatibility assessment
Rats were injected with 1 × 109 CM/NM/Mito into the tail vein, or received 
oral administration of one CM/NM/Mito@Cap containing 1 × 109 CM/
NM/Mito or 14 CM/NM/Mito@Cap containing 1 × 108 CM/NM/Mito. 
Then, 24 h or 28 days later, blood and major organs were collected for 
analysis. The organs were fixed in 4% paraformaldehyde for 48 h, dehy-
drated, clarified, embedded in paraffin, sectioned to perform haema-
toxylin and eosin and myeloperoxidase (MPO)-immunohistochemical 
(anti-MPO: Abcam, catalogue number ab208670 (1:1,000 dilution)) 
staining. The sections were then observed using a light microscope 
and analysed using Image J v.1.54f.

Establishment of rat models of IHD
To establish the rat model of acute IHD, that is, IRI, male SD rats weigh-
ing 180 g (6–8 weeks) were anaesthetized with isoflurane gas and 
mechanically ventilated using a ventilator (Beijing Zhishu Duobao 
Biological Technology, DB038X). Myocardial ischaemia was produced 
by ligating the distal third of the left anterior descending artery with a 
slipknot for 1 h, after which the slipknot was released to induce reperfu-
sion. For the rat model of chronic IHD, that is, myocardial infarction, 
the left anterior descending artery was permanently ligated with a 
tight knot. In the sham group, the same surgery was performed, but a 
ligature was not applied.

Evaluation of CM/NM/Mito cardiac targeting efficiency and 
biodistribution in vivo
Rats with acute IHD received oral administration of one Mito@
Cap, NM/Mito@Cap or CM/NM/Mito@Cap containing 1 × 109 
MitoTracker-labelled particles. Rats with chronic IHD received oral 
administration of one Mito@Cap, NM/Mito@Cap, CM/Mito@Cap or 
CM/NM/Mito@Cap containing 1 × 108 MitoTracker-labelled particles. 
In addition, one group of rats with chronic IHD was injected with 1 × 108 
CM/NM/Mito into the tail vein. One group of rats with chronic IHD 
received oral administration of one CM/NM/Mito@Cap containing 
3 × 108 MitoTracker-labelled particles. One group of rats with chronic 
IHD received oral administration of three CM/NM/Mito@Cap contain-
ing 1 × 108 MitoTracker-labelled particles. The rat hearts were removed 
for imaging at different time points. Images were acquired and analysed 
using IVIS Lumina III, living image system 4.5.5 software. Rats with 
acute IHD that received oral administration of CM/NM/Mito@Cap 
were killed after 6 h, and their hearts were removed and sectioned at 
the proximal, middle and distal left anterior descending artery. After 
staining the nuclei with DAPI, CM/NM/Mito accumulation at different 
sites in the heart was assessed by CLSM imaging. Rats with chronic IHD 
that received oral administration of CM/Mito and CM/NM/Mito@Cap 
were killed after 12 h, and their hearts were removed and sectioned at 
the distal left anterior descending artery. After staining nuclei with 
DAPI, cardiomyocytes with cTnI (Abcam, catalogue number ab209809 
(1:250 dilution)), endothelial cells with CD31 (Abcam, catalogue num-
ber ab281583 (1:500 dilution)) and smooth muscle cells or fibroblasts 
with α-smooth muscle actin (Cell Signaling Technology, catalogue 
number 19245 (1:500 dilution)), CM/NM/Mito accumulation in differ-
ent cells was assessed by CLSM imaging.

In addition, rat hearts, livers, spleens, lungs and kidneys were col-
lected and weighed. The tissues were then lysed with RIPA buffer at a 
ratio of 1 ml buffer to 100 mg tissue, and homogenized using a tissue 
grinder. The homogenized tissue was centrifuged at 1,500g for 10 min, 
the supernatant was collected, and the fluorescence intensity in the 
supernatant was measured using a multifunctional enzyme marker. 
The number of modified mitochondria in each tissue was calculated 
by comparing the fluorescence intensity to a standard curve. The per-
centage oral dose and injected dose rate (% oral dose and % ID) were 
then calculated using the following formulas: % oral dose = (number of 
modified mitochondria in organ/total number of orally administered 
modified mitochondria) × 100%; % ID = (number of modified mitochon-
dria in organ/total number of injected modified mitochondria) × 100%. 
Oral dose percentage per g was expressed as the ratio of oral dose 
percentage to organ mass.

Animal groups and treatment protocols for the in vivo 
therapeutic effect experiments
Rats with acute IHD were randomly divided into the following five 
groups: a sham group, a control group, a BB group, a CM/NM/Mito 
intravenous group and a CM/NM/Mito@Cap group. Rats in the con-
trol group did not receive any treatment. Rats in the BB group were 
treated by gavage with BB (25 mg per kg (body weight)) every day 
after reperfusion. Rats in the CM/NM/Mito intravenous group were 
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injected with 1 × 109 CM/NM/Mito once after reperfusion. Rats in 
the CM/NM/Mito@Cap group received oral administration of CM/
NM/Mito@Cap containing 1 × 109 CM/NM/Mito three times a day for 
two consecutive days. At the end of treatment, rats were killed with 
isoflurane for tissue harvest.

Rats with chronic IHD were randomly divided into the following 
eight groups: a sham group, a control group, a BB group, a CM/NM/
Mito@Cap (15 times) group, a CM/NM/Mito@Cap (14 times) group, 
a CM/NM/Mito@Cap low (14 times) group, a CM/NM/Mito@Cap  
(5 times) group and a CM/NM/Mito intravenous (5 times) group. Rats 
in the control group did not receive any treatment. For rats in the BB 
group, BB (25 mg per kg (body weight)) was administered orally every 
day for two consecutive weeks. For rats in the CM/NM/Mito@Cap (15 
times) group, CM/NM/Mito@Cap containing 1 × 108 CM/NM/Mito was 
administered orally three times a day for the first 3 days, once a day 
from the fourth day to the seventh day, and every 3 days from the eighth 
to the fourteenth day after surgery. For rats in the CM/NM/Mito@Cap 
(14 times) group, CM/NM/Mito@Cap containing 1 × 108 CM/NM/Mito 
was administered orally every day for two consecutive weeks. For rats 
in the CM/NM/Mito@Cap low (14 times) group, CM/NM/Mito@Cap 
containing 1 × 107 CM/NM/Mito was administered orally every day 
for two consecutive weeks. For rats in the CM/NM/Mito@Cap low (5 
times) group, CM/NM/Mito@Cap containing 1 × 108 CM/NM/Mito was 
administered orally on the first, fourth, seventh, tenth and thirteenth 
day after surgery. For rats in the CM/NM/Mito i.v. (5 times) group, 1 × 108 
CM/NM/Mito were injected on the first, fourth, seventh, tenth and 
thirteenth day after surgery. At the end of treatment, rats were killed 
with isoflurane for tissue harvest.

Echocardiography analysis of cardiac function
To assess cardiac function, rats were anaesthetized with isoflurane, and 
M-mode images were acquired and analysed using a high-frequency 
high-resolution ultrasound system (VisualSonics, Vevo2100). For rats 
with acute IHD, cardiac function was measured after 48 h of reperfu-
sion. For rats with chronic IHD, cardiac function was measured every 
week.

TUNEL assay for detection of cardiomyocyte apoptosis in vivo
Frozen heart tissue sections were stained using a one-step terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apop-
tosis assay kit (Beyotime Biotechnology, catalogue number C1088) 
to detect apoptotic cells. After staining the nuclei with DAPI, the cells 
were imaged by CLSM.

Assessment of infarction area by Evans blue/TTC staining
After 48 h of reperfusion, rats were anaesthetized with pentobarbital, 
and 0.25% Evans blue (Beijing Solarbio Science & Technology, catalogue 
number E8010) was injected into the right auricle of the heart. Then, the 
heart was quickly excised, rinsed with saline and immediately frozen at 
−80 °C for 15 min. The frozen heart was quickly sliced into four to five 
sections and incubated in 2% TTC (Beijing Solarbio Science & Technol-
ogy, catalogue number G3005) at 37 °C for 30 min. The sections were 
fixed with 4% paraformaldehyde. The stained areas in each section 
were quantified using Image J v.1.54f. The area at risk included both 
the red ischaemic area and the white myocardial infarction areas. The 
infarction size was expressed as the percentage of total tissue defined 
as the area at risk.

Assessment of cardiac repair by Masson staining and CD31 
immunostaining
Rat hearts were harvested, sliced into 5 μm sections, and stained with 
Masson’s Trichrome Stain Kit (Beijing Solarbio Science & Technology, 
catalogue number G1340). The arterioles were identified with CD31 
to quantify vessel density using an automated function (VesselJ) of 
Image J v.1.54f45.

Bioactivity detection of fused mitochondria by mitochondrial 
complex analysis and ATP synthesis assay
Rats with chronic IHD were randomly divided into the following three 
groups: a control group, an unmodified mitochondria group and a  
CM/NM/Mito group. Rats in the control group did not receive any treat-
ment. For rats in the other two groups, 5 × 106 unmodified mitochondria 
or CM/NM/Mito were administered via intramyocardial injection after 
surgery. Seven days later, rat hearts were harvested. After isolating the 
fused mitochondria from heart tissue, the activity of mitochondria 
complex I and mitochondria complex V was assessed by colorimetry 
using commercial kits with a multifunctional enzyme-labelling instru-
ment following the manufacturer’s instructions. An ATP synthesis assay 
was performed in the assay solution containing 15 μl of mixed substrate 
(10 mM glutamate and 5 mM malate), 15 μl of ADP (10 mM) and equal 
volumes of fused mitochondria isolated from the control group, the 
unmodified mitochondria group and the CM/NM/Mito group.

Transcriptomics analysis
Heart tissue from each treatment group in acute IHD rats (sham 
group, n = 3; control group, n = 4; oral administration of CM/NM/
Mito@Cap group, n = 4) and chronic IHD rats (control group, n = 3; 
oral administration of CM/NM/Mito@Cap group, n = 3; intravenous 
administration of CM/NM/Mito (once) group, n = 3) was collected, 
and total RNA was extracted. The RNA purity was evaluated using 
a NanoDrop 2000/c spectrophotometer (Thermo Scientific), and 
libraries were constructed using a VAHTS Universal V6 RNA-seq 
Library Prep Kit. The transcriptome sequencing and analysis were 
conducted by OE Biotech. The libraries were sequenced on a Lumina 
Novaseq 6000 platform, and 150 bp paired-end reads were generated. 
HISAT was used to map the clean reads to the reference genome. 
Fragments per kilobase per million of each gene was calculated, 
and the read count for each gene was obtained using HTSeq-count. 
Then, principal component analysis was performed using R v.3.2.0. 
DEGs between two treatment groups were defined as having a q-value 
<0.05 and fold-change >2 or <0.5. The hypergeometric distribution 
of the DEGs was confirmed, and R v.3.2.0 was used to perform GO 
and KEGG pathway enrichment analyses and generate the relevant 
figures. Bioinformatic analysis was performed using the OECloud 
tools at https://cloud.oebiotech.com/task/.

pRT-PCR
Heart tissue was collected, and total RNA was extracted and imme-
diately stored at −80 °C. Complementary DNAs were synthesized 
using the HiScript Q RT SuperMix for qPCR with gDNA wiper (Vazyme, 
catalogue number R123) according to the manufacturer’s instructions. 
pRT-PCR was performed on a QuantStudio 6 Flex Real-Time PCR System 
using ChamQ Universal SYBR qPCR master mix (Vazyme, catalogue 
number Q711-02). Gene expression levels were normalized to those of 
Actb. Primers used in this study are shown in Supplementary Table 1.

Metabolomics analysis
Heart tissue from each treatment group in the acute IHD rats (sham 
group, n = 3; control group, n = 4, oral administration of CM/NM/Mito@
Cap group, n = 4) was collected. The tissues were ground and filtered for 
liquid chromatography–mass spectrometry analysis. Metabolic profil-
ing data was acquired using an ACQUITY UPLC I-Class system (Waters) 
and a Q-Exactive quadrupole Orbitrap mass spectrometer equipped 
with a heated electrospray ionization source (Thermo Fisher Scien-
tific). The raw data were processed using Progenesis QI v.2.3 software 
(Nonlinear Dynamics). After compound identification, the extracted 
data were used to generate a data matrix. Differentially expressed 
metabolites were defined as those with variable importance of projec-
tion values (obtained by orthogonal partial least-squares-discriminant 
analysis) greater than 1.0 and P values (obtained by two-tailed Student’s 
t-test) less than 0.05.
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Statistics and reproducibility
Differences between the two groups were analysed by a two-tailed 
unpaired Student’s t-test. Differences among multiple groups were 
analysed using one-way analysis of variance (ANOVA) with two-tailed 
LSD or Dunnett T3 multiple-comparisons tests. All statistical analyses 
were performed on Excel v.2019, SPSS v.22.0 and GraphPad Prism v.8. 
Statistical tests and P values are detailed in the figure legends. The 
results for Figs. 1c–e, 2h,i,l,m and 3b,c and Extended Data Figs. 1a–c,i,j, 
2b,c,h, 3g,h, 4b and 5a were obtained after at least three independent 
repetitions of the experiment. Data were combined from two inde-
pendent experiments in Fig. 1f and Extended Data Figs. 2d,e and 4d. 
Data were obtained from one representative of three independent 
experiments in Figs. 1g–i, 2b–f,j,k, 3d,f–l, 4b and 5j and Extended Data 
Figs. 2f–g, 3b–e, 4a,e; 5b,d–h and 6c,e.

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

Data availability
The main data supporting the results in this study are available within 
the paper and its Supplementary Information. There are no data from 
third-party or publicly available datasets. RNA sequencing data are 
deposited in NCBI’s Sequence Read Archive (SRA) and are accessible 
through accession numbers PRJNA1089164 and PRJNA1089186. Raw 
data of non-targeted metabolomics analysis are deposited in Metabo-
Lights and are accessible through accession number MTBLS9785. 
All data generated as part of this study are available from the corre-
sponding author upon reasonable request. Source data for Figs. 1–5 
are available in separate source data files for Figs. 1f–i, 2d,f,h–k,m, 
3f–h,j,l, 4c,e,g,i–k and 5g–i, respectively. Source data for Extended 
Data Figs. 1–6 are available in separate source data files for Extended 
Data Figs. 1b,c, 2c,d–g, 3c,e,g,h, 4a,d,e and 5b,c,e–h; Extended Data 
Fig. 6a, b, d. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Isolation and nanomotorization of mitochondria.  
a. CLSM images of MitoTracker Deep Red labelled huMSCs and their 
mitochondria before and after isolation (scale bar: 20 μm). b and c. The hydrated 
diameter and zeta potential of mitochondria, NM/Mito and CM/NM/Mito. 
Data are presented as means ± SD (n = 3 biologically independent samples). d. 
Synthesis process of M-Arg, the basic unit of NM. e. 1H NMR of M-Arg in D2O. f. 

Synthesis process of the diselenide cross-linker. g. 1H NMR of diselenide cross-
linker in DMSO-d6. h. Possible synthesis process of NM/Mito. i. CLSM images 
of NM/Mito. (NM was labelled with FITC, and mitochondria was labelled with 
MitoTracker Deep Red, scale bar: 10 μm). j. Coomassie brilliant blue staining of 
mitochondria and NM/Mito after SDS–PAGE.
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Extended Data Fig. 2 | Construction and characterization of CM/NM/Mito.  
a. Synthesis process of CM/NM/Mito. b. Fluorescence images of WGA-labelled 
H9c2 cells and CM before and after lysis (scale bar: 100 μm). c. Western blotting 
of cardiomyocyte membrane markers. Cx43: connexin-43, Na/K ATPase: sodium-
potassium ATPase. d and e. Quantitative analysis of unmodified mitochondria 
and NM/Mito after staining with JC-1, using antimycin A-treated unmodified 
mitochondria and NM/Mito as the control (n = 6 biologically independent 
samples). f and g. Mitochondrial complexes I (f) and V (g) analysis of unmodified 

mitochondria, NM/Mito and CM/NM/Mito (n = 4 biologically independent 
samples). h. Flow cytometric analysis of cellular NO levels of normal and 
damaged H9c2 cells after incubation with CM/NM/Mito for 24 h. The gating 
strategies were corresponded to Fig. 1h and i. Data were presented as means ± SD. 
Statistical significance was calculated via two-tailed unpaired Student’s t test in 
d, e, and one-way ANOVA with two-tailed LSD multiple comparisons test in f, g. 
Source data for c is provided as a Source Data file.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Chemotaxis behaviour of CM/NM/Mito. a. Schematic 
illustration of the Y channel. b-e. Fluorescence images (120 min) and 
corresponding quantitative analysis of the normalized fluorescence intensity 
in reservoir ii and iii at different time after addition of CM/NM/Mito (b and c) 
and unmodified mitochondria (d and e) (scale bar: 500 μm; n = 3 biologically 
independent samples). f. Schematic illustration of the Ψ microfluidic device.  
g. Fluorescence images and corresponding fluorescence intensity distribution of 

CM/NM/Mito and unmodified mitochondria in the microfluidic device applying 
gradient concentrations of damaged H9c2 cell lysate and normal H9c2 cell 
lysate (scale bar: 500 μm). h. Fluorescence images and fluorescence intensity 
distribution of CM/NM/Mito and unmodified mitochondria in the microfluidic 
device applying gradient concentrations of normal H9c2 cell lysate (scale 
bar: 500 μm). Data are presented as means ± SD. Statistical significance was 
calculated via two-tailed unpaired Student’s t test in c, e.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Characterization of GJCs formation, membrane  
fusion and mitochondrial morphology. a. Calcein AM-stained IEC-6 cells and 
H9c2 cells were incubated with unmodified mitochondria, NM/Mito,  
CM/NM/Mito, and CM/NM/Mito + CBX for 30 min, and the fluorescence 
changes in the supernatants were quantitatively analysed (i: control; ii: 
unmodified mitochondria; iii: NM/Mito; iv: CM/NM/Mito; v: CM/NM/Mito + 
CBX; n = 3 biologically independent cell samples). b. CLSM images of normal 
IEC-6 cells and damaged H9c2 cells co-incubated with CM/NM/Mito for 6 h 
(MitoTracker: NM/Mito component; WGA: CM component; DiL: IEC-6 or H9c2 
cell membranes; Hoechst 33342: nuclei; scale bar: 20 μm). c and d. CLSM images 

(c) and mitochondrial morphology analysis (d) of H9c2 cells after co-incubation 
with different samples for 24 h and stained by MitoTracker (MitoTracker: 
mitochondria, Hoechst 33342: nuclei; scale bar: 20 μm; n = 20 cells examined 
over two independent experiments). e. Intracellular ATP levels of H9c2 cells co-
incubated with different samples (n = 4 biologically independent cell samples). 
Samples in c-e: i, normal; ii, control; iii, unmodified mitochondria; iv, NM/Mito; 
v, CM/NM/Mito. Data were presented as means ± SD. Statistical significance was 
calculated via one-way ANOVA with two-tailed LSD multiple comparisons test  
in a, d, e.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Characterization of pH responsiveness, 
pharmacokinetics and cardioc delivery efficiency of CM/NM/Mito@Cap. 
a. Disintegration process of large-sized enteric capsules with fuel in PBS with 
different pH values. b. Curve of fluorescence intensity in the lower chamber after 
adding Mitotracker-labelled CM/NM/Mito or unmodified mitochondira to the 
upper chamber in the transwell-based intestinal epithelial barrier model. Data 
were presented as means ± SD (n = 3 biologically independent cell samples). c. 
Curve of fluorescence intensity in serum at different times after administration 
of Mito@Cap and CM/NM/Mito@Cap in rats (n = 3 biologically independent 
animal samples). d-f. Ex vivo imaging of hearts (d) and cardiac delivery efficiency 
of Mito@Cap, NM/Mito@Cap and CM/NM/Mito@Cap at different time after oral 

administration of in acute IHD rats (e) and chronic IHD rats (f) (n = 4 biologically 
independent animal samples). g. Ex vivo imaging of hearts and cardiac delivery 
efficiency of CM/NM/Mito@Cap (third in die, tid) and CM/NM/Mito@Cap 
(quaque die, qd) at 24 h after oral administration of in chronic IHD rats (n = 5 
biologically independent animal samples). h. CLSM images and quantification of 
fluorescence intensity of cardiac sections at 6 h after oral administration of CM/
NM/Mito@Cap in acute IHD rats (i: proximal; ii: middle; iii: distal; MitoTracker: 
CM/NM/Mito; DAPI: nuclei; scale bar: 100 μm; n = 3 biologically independent 
animal samples). Data were presented as means ± SD. Statistical significance was 
calculated via two-tailed unpaired Student’s t test in g and one-way ANOVA with 
two-tailed LSD multiple comparisons test in h.
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Extended Data Fig. 6 | In vivo biocompatibility of CM/NM/Mito at the end 
of treatment in the chronic IHD model. a and b. Blood routine (a) and blood 
biochemical analysis (b) (n = 4 biologically independent animal samples). c and 
d. H&E (c) and myeloperoxidase (MPO)-immunohistochemical stained main 

organs and corresponding quantitative analysis (d) (scale bar: 200 μm; n = 4 
biologically independent animal samples). e. H&E stained ileum of rats (scale bar: 
200 μm). Data were presented as means ± SD.
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Extended Data Fig. 7 | Transcriptomics analysis in the acute and chronic IHD 
model. a. Venn diagram for the DEGs detected in hearts after oral administration 
of CM/NM/Mito@Cap in the acute IHD model (n = 3 biologically independent 
animal samples in the sham group; n = 4 biologically independent animal 
samples in the control group and oral administration of CM/NM/Mito@
Cap group). b. Venn diagram for the DEGs detected in hearts after oral and 

intravenous administration of CM/NM/Mito@Cap and CM/NM/Mito in the 
chronic IHD model (n = 3 biologically independent animal samples in per group). 
The P values were determined using the negative binomial distribution, and then 
the Benjamini–Hochberg procedure was used for multiple hypothesis testing 
correction.
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Extended Data Table 1 | Studies on Mitochondrial Transplantation for IHD

Note: Since 2009, 11 animal studies and two clinical studies have been carried out in the treatment of IHD5,10,11,46–55. Conventional open-heart surgery usually involves sawing through the 
sternum to expose the operative field and establishing extracorporeal circulation if necessary. This procedure is associated with excessive bleeding, significant postoperative pain, and a 
high incidence of complications such as atelectasis and poor wound-healing56–59. Interventional procedure involves the delivery of a catheter to the ischaemic heart through the vessel, 
and although the invasiveness of the procedure has been reduced, there is still a risk of vascular pathway complications (for example, aneurysm and arterial dissection), as well as coronary 
complications (for example, coronary spasm and coronary perforation)60,61. Furthermore, in addition to being invasive, interventional procedure requires medical devices such as ancillary 
specialized catheters and guidewires, as well as imaging equipment support. Therefore, we mentioned that the great invasiveness of transplantation method is one of the key reasons limiting 
the development of mitochondrial transplantation for IHD therapy11. On the other hand, for the mitochondria that have been successfully delivered to the damaged heart, some investigators 
have expressed concern that the viability of exogenous mitochondria may be impaired by the high Ca2+ concentrations (~1.8 mM) in the blood or the extracellular fluid in the interstitium, and 
the ROS in the pathological environment of IHD7,11. It has even been suggested that there is no direct evidence that the injected mitochondria remain viable after injection7,12. Therefore, we 
mentioned that the difficulty in maintaining the donor mitochondrial activity in the pathological environment is another key reason limiting the development of mitochondrial transplantation 
for IHD therapy. This aspect is receiving increasing attention. For example, mitochondrial activity maintenance strategies relying on the protective effect of the cell membrane (extracellular 
vesicles)5 and enhancing mitochondrial resistance to oxidative stress11 have been raised.
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