
R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Lin et al. Journal of Nanobiotechnology          (2024) 22:318 
https://doi.org/10.1186/s12951-024-02585-3

Background
Mitochondria, the cell’s bioenergetic hubs, comprise 
four key components: the outer mitochondrial mem-
brane (OMM), the intermembrane space (IMS), the 
inner mitochondrial membrane (IMM), and the mito-
chondrial matrix (MM) [1]. They are central to cellular 
energy metabolism, playing a crucial role in the oxida-
tion of various metabolic substrates, including carbohy-
drates, fats, and proteins. These substrates are converted 
into intermediates like acetyl coenzyme A (acetyl-CoA), 
which then enters the mitochondria for further process-
ing in the tricarboxylic acid (TCA) cycle, underscoring 
the organelles’ critical role in energy production. Addi-
tionally, mitochondria are pivotal in regulating key cel-
lular processes like redox balance, Ca2+ levels, apoptosis 
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Abstract
Mitochondria occupy a central role in the biology of most eukaryotic cells, functioning as the hub of oxidative 
metabolism where sugars, fats, and amino acids are ultimately oxidized to release energy. This crucial function 
fuels a variety of cellular activities. Disruption in mitochondrial metabolism is a common feature in many diseases, 
including cancer, neurodegenerative conditions and cardiovascular diseases. Targeting tumor cell mitochondrial 
metabolism with multifunctional nanosystems emerges as a promising strategy for enhancing therapeutic efficacy 
against cancer. This review comprehensively outlines the pathways of mitochondrial metabolism, emphasizing 
their critical roles in cellular energy production and metabolic regulation. The associations between aberrant 
mitochondrial metabolism and the initiation and progression of cancer are highlighted, illustrating how these 
metabolic disruptions contribute to oncogenesis and tumor sustainability. More importantly, innovative strategies 
employing nanomedicines to precisely target mitochondrial metabolic pathways in cancer therapy are fully 
explored. Furthermore, key challenges and future directions in this field are identified and discussed. Collectively, 
this review provides a comprehensive understanding of the current state and future potential of nanomedicine in 
targeting mitochondrial metabolism, offering insights for developing more effective cancer therapies.
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initiation, and biomacromolecule balance, thereby influ-
encing cell survival and death [2].

Mitochondrial metabolic pathways predominantly 
encompass the TCA cycle, oxidative phosphorylation 
(OXPHOS), fatty acid oxidation (FAO) and glutamine 
(Gln) metabolism. These pathways are integral to the 
breakdown of biomacromolecules and the generation of 
energy [3]. Importantly, mitochondria serve as a primary 
source of reactive oxygen species (ROS), stemming from 
their involvement in various core metabolic processes. 
The production of ROS can disrupt the redox network, 
leading to the oxidation of lipids and proteins, mutations 
in mitochondrial DNA (mtDNA), and the induction of 
oxidative stress. These effects are implicated in the ini-
tiation and progression of a range of systemic diseases, 
including cancer, neurodegenerative disorders, diabetes, 
obesity, ischemic heart disease, hyperthyroidism, and 
phenylketonuria [4–6].

Tumor cells, to meet the demands of rapid prolif-
eration, often activate or alter mitochondrial metabolic 
pathways to secure additional energy. This metabolic 
reprogramming, encompassing phenomena such as the 
increased glycolysis, Gln dependency, and lipid metab-
olism dysregulation, not only supports the growth of 
cancer cells but also aids in evading immune surveil-
lance and resistance to conventional therapies [7]. Con-
sequently, therapeutic strategies targeting mitochondrial 
metabolic pathways are increasingly recognized in cancer 
treatment. This includes the development of novel drugs 
targeting mitochondrial functions to modulate ROS 
production, alter the metabolic state of tumor cells, or 
induce apoptosis. In-depth understanding of mitochon-
drial metabolic pathways also contributes to unravel-
ing mechanisms of drug resistance in cancer, providing 
insights for more effective treatment approaches [8]. As 
the complex interplay between mitochondrial metabo-
lism and tumor development becomes further elucidated, 
targeting mitochondrial metabolism is anticipated to 
bring new breakthroughs in cancer therapy.

In this review, we critically analyze mitochondrial 
metabolism’s role in cellular function and its associa-
tion with cancer progression, providing several novel 
insights. The review thoroughly discusses mitochondrial 
metabolic pathways and their aberrations in cancer cells. 
Importantly, it systematically reviews the latest advance-
ments in nanomedicine, focusing on targeting mitochon-
drial metabolism to improve cancer treatment outcomes. 
It underscores the potential of these nanotechnologies 
in reprogramming cancer cell metabolism. Finally, we 
identify future challenges and prospects in employing 
strategies targeting mitochondrial metabolism for cancer 
treatment.

Mitochondrial metabolic pathways
TCA cycle
The TCA cycle, also known as the Krebs or citric acid 
cycle, occurs within the mitochondrial matrix and is cen-
tral to energy production, biosynthesis of biomolecules, 
and redox balance. Carbon from glucose, fatty acids, or 
Gln, in the form of acetyl-CoA, initiates this cycle. This 
leads to the generation of electron carriers like nicotin-
amide adenine dinucleotide (NADH) and flavin adenine 
dinucleotide (FADH2), which then transfer electrons to 
the electron transport chain (ETC) in the IMM. This pro-
cess results in the production of CO2 and ATP [9]. While 
acetyl-CoA is the primary entry point of the TCA cycle, 
alternative pathways exist through intermediates such 
as alpha-ketoglutarate (α-KG), oxaloacetate, fumarate, 
and succinyl-CoA, derived from amino acid metabolism. 
Importantly, TCA cycle intermediates also function as 
signaling molecules, impacting chromatin modification, 
DNA methylation, hypoxic response, and immune func-
tions, thus playing critical roles in cellular regulation [10, 
11]. Specifically, succinate, when released into the cyto-
plasm, activates various pathways, including HIF-1α, 
influencing inflammation, hypoxia, and metabolic sig-
naling [12, 13]. Additionally, succinate regulates cellular 
adaptability by inhibiting α-KG-dependent dioxygenases, 
highlighting its broad regulatory capabilities [14].

OXPHOS
OXPHOS is pivotal in eukaryotic cellular metabolism 
and energy production, primarily operating through the 
ETC in the IMM [15]. This chain comprises four protein 
complexes: complex I (CI, NADH-ubiquinone oxido-
reductase), complex II (CII, succinate dehydrogenase), 
dimeric complex III_2 (CIII_2, cytochrome bc1 oxidore-
ductase), and complex IV (CIV, cytochrome c oxidase), 
along with two mobile electron carriers, ubiquinone and 
cytochrome c2 [16]. The ETC facilitates electron trans-
fer from donors like NADH and FADH2, produced in 
the TCA cycle, to oxygen, the final electron acceptor. 
This electron flow generates a proton gradient across the 
IMM, leading to a negative membrane potential (ΔΨm) 
of -160 to -180 mV, which is essential for ATP synthesis 
by F0F1-ATP synthase [15, 17]. In this process, com-
plexes I and III generate excessive ROS, including oxygen 
radicals and hydrogen peroxide (H2O2), which can dam-
age key cellular components such as lipids, nucleic acids, 
and proteins. Specifically, ROS can cause oxidative dam-
age to purine and pyrimidine bases, DNA strand breaks, 
and disrupt DNA repair processes, leading to gene muta-
tions and genetic instability that potentially promote cel-
lular transformation into cancer [18]. Additionally, ROS 
induce oxidative modifications of redox-sensitive amino 
acid residues in regulatory proteins, including cysteine 
oxidation. These modifications can impair the function 
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of key regulatory proteins such as kinases (MAPK and 
PI3K/Akt), transcription factors (NRF2, AP-1, NF-κB, 
STAT3, and p53), as well as components of the ubiquitin/
proteasome system and the autophagy/lysosomal protein 
degradation system, disrupting cellular homeostasis and 
contributing to carcinogenesis [19]. Furthermore, ROS 
target lipids, leading to peroxidation and the production 
of genotoxic molecules such as malondialdehyde, acro-
lein, and 4-hydroxynonenal. This lipid peroxidation can 
alter membrane structure, disrupt membrane perme-
ability, and interrupt immune system recognition, cumu-
latively promoting the occurrence and progression of 
cancer [20].

In addition to cancer, ROS are critical contributors to 
diseases associated with mitochondrial dysfunction [21]. 
For instance, mitochondrial dysfunction driven by the 
Lrrk2G2019S mutation elevates ROS production, initi-
ating the recruitment of gasdermin D to mitochondrial 
membranes and activating necroptosis via the RIPK1/
RIPK3/MLKL pathways. This process is linked to severe 
immune responses in Lrrk2G2019S mice infected with 
Mycobacterium tuberculosis, underscoring the critical 
role of mitochondrial ROS in driving immunopathology 
and highlighting potential targeted interventions [22]. 
Additionally, increased NOX4 in astrocytes intensifies 
Alzheimer’s disease pathology by impairing mitochon-
drial metabolism, boosting mitochondrial ROS produc-
tion, and triggering lipid peroxidation. This cascade 
promotes ferroptosis, underscoring NOX4’s pivotal role 
in oxidative stress-related neurodegeneration [23]. More-
over, noise exposure induces oxidative stress in mice, 
leading to mitochondrial dysfunction in the cochlea and 
resultant damage to ribbon synapses. This disruption 
contributes significantly to noise-induced hearing loss by 
reducing mitochondrial membrane potential and elevat-
ing markers of oxidative damage, highlighting the critical 
role of ROS in auditory dysfunction [24].

Importantly, the ETC is also vital in generating and sus-
taining the mitochondrial membrane potential. This sta-
bility is essential not only for ATP generation but also for 
cellular survival. A compromised mitochondrial mem-
brane potential can precipitate a rapid decline in cellular 
energy supply, and the resultant release of cytochrome c 
into the cytoplasm triggers the intrinsic apoptotic path-
way [12, 25].

FAO
FAO, or β-oxidation, represents the primary pathway 
for fatty acid degradation, offering a substantial source 
of cellular energy. This process generates over twice the 
ATP yield compared to carbohydrates or proteins. Fatty 
acids serve as the predominant energy source during lim-
ited glucose availability, such as post-absorption and fast-
ing states, and in conditions with ample glucose, fueling 

vital organs like the heart, skeletal muscles, and kidneys 
[26].

In the cytoplasm, fatty acids undergo activation by 
CoA synthetase to form acyl-CoA esters. These esters are 
pivotal for various metabolic pathways, including lipid 
synthesis and FAO [27]. FAO itself is a cyclic catabolic 
process, executed by a trifunctional enzyme complex in 
the mitochondrial matrix. The carnitine palmitoyltrans-
ferase (CPT) system, comprising two acyltransferases 
(CPT1 and CPT2) and the carnitine acylcarnitine trans-
locase, plays an essential role in transporting acyl-CoA 
into the mitochondria for β-oxidation [28]. Within the 
mitochondrial matrix, acyl-CoA is systematically short-
ened by two-carbon units in a four-step enzymatic cycle, 
producing acetyl-CoA for the TCA cycle and ketogen-
esis, alongside FADH2 and NADH for ATP production 
via the respiratory chain. The physicochemical properties 
of acyl-CoA alter as it is progressively shortened, neces-
sitating distinct β-oxidation mechanisms with special-
ized enzymes for complete degradation of varying chain 
lengths [26, 27]. Dysregulation in FAO, either through 
abnormal activation or inhibition, can disrupt nor-
mal energy metabolism, leading to oxidative stress and 
inflammatory responses. This imbalance potentially trig-
gers acute or chronic inflammatory diseases [12, 29].

Gln and glutamate (glu) metabolism
Gln, one of the most abundant amino acids in human 
plasma, is a key nutrient for cell proliferation and 
the main form of nitrogen transport between organs. 
Although considered a non-essential amino acid, Gln is 
an essential substrate for the biosynthesis of other amino 
acids, glutathione (GSH), hexosamines, and nucleotides, 
and can also generate energy through the TCA cycle 
metabolism [30]. Gln is first converted to Glu by gluta-
minase (GLS), and then Glu can either enter the TCA 
cycle by being transformed into α-KG via glutamate 
dehydrogenase (GDH) or cellular transaminases—this 
process also reduces NAD+ to NADH. Additionally, Glu 
supports the synthesis of fatty acids and non-essential 
amino acids such as aspartate, alanine, arginine, and pro-
line, and is essential along with Gln for producing GSH, a 
crucial intracellular antioxidant [31, 32].

Abnormal mitochondrial metabolism and cancer
ROS imbalance and cancer
Mitochondria, a major source of ROS through the ETC, 
play a pivotal role in cell survival and apoptosis [33]. 
Although electron transfer in the ETC is efficient, an esti-
mated 0.2-2% of electrons leak and react with O2 to form 
superoxide [34, 35]. Superoxide is rapidly converted into 
H2O2 by superoxide dismutase (SOD). H2O2 functions as 
a key intracellular messenger of ROS or transforms into 
more reactive hydroxyl radicals (OH−) in the presence 
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of metal ions. Additionally, superoxide can react with 
nitric oxide (NO) to form reactive nitrogen species (RNS) 
[36–38].

The imbalance in ROS is a defining trait of cancer cell 
phenotypes. ROS, which can induce carcinogenesis by 
causing mutations or promoting cancer cell survival, 
proliferation, metastasis, and genetic instability, drive 
tumor progression [37]. For instance, oxidative stress can 
lead to chronic inflammation, cancer progression, and 
tumor drug resistance by activating key transcription fac-
tors, including HIF-1α, β-catenin/Wnt, and NF-κB [20]. 
Notably, ROS serve as a critical stimulant in the signal-
ing pathways of tumor angiogenesis. For example, in 
mononuclear cells (MNCs), elevated ROS levels stabilize 
HIF-1α, which in turn increases the secretion of vascu-
lar endothelial growth factor and macrophage migration 
inhibitory factor. These factors are crucial in regulating 
the chemoresistance of MNCs [39]. Furthermore, recent 
studies indicate that ROS-mediated modulation of the 
activity of redox-sensitive deubiquitinating enzymes, 
such as USP7 and A20, is linked to the progression of 
leukemia, liver cancer, and metastatic cancers [40]. Addi-
tionally, ROS activate signaling pathways such as MAPK 
and PI3K-AKT, promoting cell proliferation [41]. Fur-
thermore, elevated mitochondrial ROS levels can induce 
“mitohormesis,” a self-regulatory mitochondrial response 
to mild stress, activating mTOR complex 1-mediated sig-
naling pathways that promote tumor cell proliferation 
and resistance to apoptosis [37]. However, an excess of 
ROS can trigger oxidative stress and cell death, thereby 
exhibiting anti-tumor effects. The “ROS set point theory” 
highlights the complex interplay between tumor cells 
and ROS levels, suggesting that cancer cells modulate 
their antioxidant systems and decrease mitochondrial 
OXPHOS to maintain ROS within a range that promotes 
oncogenesis [42].

Mitochondrial-driven metabolic reprogramming in cancer
In cancer development, tumor cells undergo metabolic 
reprogramming to support uncontrolled growth and 
metastatic progression [43]. This process, characterized 
by enhanced aerobic glycolysis, also involves significant 
changes in nitrogen metabolism. The utilization of Gln 
nitrogen is redirected from fueling the TCA cycle to 
nucleotide biosynthesis [44]. In healthy cells, glutamine’s 
nitrogen primarily supports the TCA cycle and basic cel-
lular functions. In contrast, cancer cells exploit this nitro-
gen for nucleotide synthesis, essential for DNA and RNA 
production and rapid proliferation. This shift, facilitated 
by key enzymes such as glutaminase and phosphoribo-
syl pyrophosphate amidotransferase (PPAT), enhances 
the high proliferation rates typical of aggressive tumors. 
Targeting this pathway, particularly by modulating the 
PPAT/GLS1 ratio, has shown efficacy in inhibiting tumor 

growth across various cancers, notably neuroendocrine 
tumors like small cell lung cancer. Additionally, the regu-
lation of glycinamide ribonucleotide formyltransferase 
trifunctional protein (GART) by Vestigial-like family 
member 3 (VGLL3) in lung and breast cancer cells fur-
ther illustrates the crucial role of glutamine-derived 
nucleotides in sustaining rapid tumor growth. Inhibi-
tion of GART or VGLL3 reduces cell proliferation, while 
supplementation with inosine monophosphate, a down-
stream metabolite of GART, can restore this growth, 
underscoring the essential nature of this metabolic path-
way in cancer progression [45].

Importantly, abnormalities in FAO are increasingly 
recognized as key contributors to cancer development, 
influencing cell proliferation, survival, stemness, drug 
resistance, and metastasis [46]. Elevated FAO activity has 
been identified in several cancer types, including KRAS 
mutated lung cancer, triple-negative breast cancer, and 
gliomas [47–49]. Mutated KRAS in tumors has been 
shown to regulate intracellular fatty acid metabolism via 
ACSL3, promoting the conversion of fatty acids to acyl-
CoA esters. This conversion increases the substrates 
available for lipid synthesis and β-oxidation, which are 
crucial for tumor development. Proteins involved in the 
FAO pathway, such as CPT1A, CPT1B, CPT1C, CPT2, 
the carnitine transporter CT2, and ACSL3, are often 
overexpressed in various cancers [50]. High expression 
levels of these FAO enzymes are closely related to poor 
prognosis in patients [51, 52]. For example, CPT1A is 
highly expressed in nasopharyngeal carcinoma (NPC) 
cells and tissue samples, where it plays a key role in 
modulating the malignant phenotypes of NPC, includ-
ing proliferation, anchorage-independent growth, and 
tumor formation in mouse xenograft models. CPT1A 
has been identified as a critical factor responsible for the 
aberrant activation of FAO in NPC cells. Its upregula-
tion promotes ATP generation through OXPHOS in the 
mitochondria, as well as facilitates the production of key 
precursors for nucleic acid biosynthesis [53]. The upregu-
lation of FAO may be driven by tumor-promoting mol-
ecules like Akt/mTOR, TGFβ1, c-Myc, and JAK/STAT3, 
which contribute to the metabolic reprogramming of 
tumor cells [54–57]. Notably, mitochondrial lipid metab-
olism plays a critical role in ferroptosis, a regulated form 
of cell death triggered by lipid peroxidation and reliant on 
iron [58]. For instance, inhibition of BRD4 can suppress 
mitochondrial fatty acid oxidative metabolism, reducing 
the accumulation of lipid peroxides and thereby protect-
ing cells from ferroptosis, making BRD4 a potential regu-
latory link between lipid metabolism and ferroptosis [59]. 
This discovery provides new insights into targeting BRD4 
to modulate mitochondrial lipid metabolism for cancer 
treatment (Fig. 1).
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Overview of nanomedicine in biomedical 
applications
The advancement of nanobiomaterials, particularly in the 
realm of medicine, has been significant in recent years. 
This progression facilitates intricate targeting strategies 
and multifunctionality, effectively reducing the adverse 
side effects typically associated with drug overdosage [60, 
61]. Diverse nanomaterials, including those derived from 
organic, inorganic, lipid, and polysaccharide compounds, 
as well as synthetic polymers, have been critical in the 
development and enhancement of novel therapeutic 
modalities (Fig. 2) [62]. For instance, nanomaterial-based 
drug delivery systems have been used to enhance the effi-
cacy of various therapies such as photothermal therapy 
(PTT), photodynamic therapy (PDT), radiotherapy, che-
motherapy, and immunotherapy, showing potential for 
long-term anti-cancer effects [63–66]. Additionally, lipid 
nanoparticles have been effectively used as carriers for 

nucleic acid-based drugs [67]. These advancements dem-
onstrate substantial promise in both the diagnosis and 
treatment of a wide range of diseases [62].

Drug delivery system
A primary impact of nanotechnology has been its trans-
formative role in the development of drug delivery sys-
tems. This advancement has led to marked improvements 
in the biodistribution and pharmacokinetics of pharma-
ceutical agents [68]. Drugs formulated with nanomateri-
als exploit their unique structural properties to enhance 
therapeutic efficacy, including controlled release of the 
drug, safeguarding of molecular integrity, facilitation of 
biological barrier penetration, and precise delivery to tar-
geted sites [69, 70]. Furthermore, drug delivery systems 
utilizing nanocarriers have shown improvements in drug 
stability and biocompatibility, alongside an extension in 
the circulation lifespan of these therapeutic molecules 

Fig. 1 Mitochondrial metabolism and its key role in cellular energy dynamics and cancer development. In cellular energy dynamics, key mitochondrial 
metabolic pathways such as the TCA cycle, OXPHOS, FAO, and Gln and Glu metabolism play pivotal roles. The TCA cycle, essential for energy production, 
initiates with acetyl-CoA, leading to the generation of electron carriers NADH and FADH2. TCA intermediates also significantly influence cellular processes, 
including inflammation and hypoxia. OXPHOS, occurring along the ETC in the mitochondrial inner membrane, creates a proton gradient essential for ATP 
synthesis and concurrently generates ROS. FAO, the primary pathway for fatty acid degradation, takes place in the mitochondrial matrix, cyclically break-
ing down fatty acids into acetyl-CoA and electron carriers, thereby facilitating energy production. Glu, crucial for cell proliferation and nitrogen transport, 
is converted into glutamate and subsequently into α-KG, integrating into the TCA cycle and supporting various biosynthetic pathways. Mitochondria 
are central in ROS generation through the ETC, a process vital for cell survival and apoptosis. However, a small proportion of electrons in the ETC leads 
to the formation of superoxide, which is converted into H2O2 and RNS, implicated in the mechanisms of carcinogenesis. Cancer cells undergo metabolic 
reprogramming characterized by increased reliance on aerobic glycolysis and shifts in nitrogen metabolism, diverting from traditional TCA cycle opera-
tions towards nucleotide biosynthesis. Additionally, alterations in FAO have been identified as critical factors in cancer development, affecting cancer cell 
proliferation and survival
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within the bloodstream. Such advancements significantly 
enhance drug accumulation within targeted tissues, 
thereby improving therapeutic outcomes [71].

Importantly, nanomedicines enhance therapeutic strat-
egies by co-delivering drugs and imaging agents, enabling 
the visualization and quantification of drug delivery to 
target sites. This approach assists in predicting thera-
peutic efficacy and refining dosing regimens [72]. For 
instance, The Sur@T7-AIE-Gd nanoparticle, synthesized 
for liver cancer therapy, combines dual-mode imaging 
and delivers survivin siRNA with low toxicity and high 
efficacy. It effectively targets liver tumors, inhibiting 
growth and impacting cell DNA, making it a promising 
tool for image-guided siRNA therapy in hepatocellular 
carcinoma [73].

Different drug delivery systems, including inorganic 
nanoparticles, inorganic-organic hybrid nanosystems, 
lipid nanoparticles, extracellular vesicles, and protein-
based nanomaterials, have been utilized to enhance 
therapeutic efficacy [74, 75]. For example, biodegrad-
able mesoporous silica nanoparticles (bMSN) have 
been developed as a theranostic tool for guided PDT 
and personalized cancer immunotherapy. With an effi-
cient delivery of neoantigen peptides, adjuvants, and 
photosensitizers, bMSN facilitates PET imaging and 
PDT, enhancing local and systemic antitumor responses 
[76]. Recent advances in MOF-based drug delivery 
have led to the development of multi-biomimetic nano-
carriers that integrate ferroptosis induction and PDT, 
enhancing cancer treatment efficacy. These nanocar-
riers, cloaked with cancer cell membranes for targeted 

Fig. 2 Enhancing cancer therapy efficacy and precision with nanoparticles. Nanoparticles are emerging as personalized treatment vectors, augmenting 
the efficacy of tumor therapies. Diverse nanoparticle forms, including gold nanospheres, nanogels, polymeric micelles, gold nanorods, carbon nanotubes, 
and liposomes, have been employed in cancer treatments as advanced drug delivery systems. Notably, the inherent multifunctionality of nanoparticles 
synergizes various therapeutic modalities such as chemotherapy, immunotherapy, radiotherapy, and phototherapy, thereby enhancing treatment ef-
fectiveness. Additionally, nanoparticles possess the unique ability to traverse biological barriers, enabling targeted delivery to cancer cells and specific 
intracellular sub-organelles while enhancing drug stability and biocompatibility
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delivery, induce ROS upon cellular uptake, promot-
ing cell death and tumor suppression [77]. Additionally, 
LNPs have been optimized for targeted mRNA delivery 
to specific organs, notably the lungs, thereby enhancing 
the efficacy of RNA-based therapies. A library screening 
approach revealed that N-series LNPs, which feature an 
amide bond, efficiently transport mRNA to pulmonary 
cells. This targeted delivery has been successfully uti-
lized to reduce tumor burden in a preclinical lung disease 
model, demonstrating the potential of mRNA LNPs in 
treating respiratory diseases [78, 79]. Moreover, CBSA/
siS100A4@Exosome nanoparticles have been developed 
to target lung pre-metastatic niches in triple-negative 
breast cancer, showing a notable preference for lung tis-
sue over liposomal formulations. These 200  nm-sized 
nanoparticles effectively deliver siRNA, protect it from 
degradation, and exhibit enhanced biocompatibility and 
gene-silencing effects, significantly reducing the growth 
of malignant cells and potentially curbing postoperative 
metastasis [80]. Importantly, as protein-based nanomate-
rials, nanoerythrocytes membranes coated with chitosan 
and poly (lactide-co-glycolic acid) demonstrate improved 
pharmacokinetics and biodistribution, ensuring pro-
longed drug release and increased uptake by the liver, 
thus boosting the therapeutic efficacy against liver cancer 
[81].

Synergistic integration of therapeutic modalities in a single 
nanoplatform
The concept of a single nanoplatform integrating mul-
tiple therapeutic modalities presents a promising avenue 
in modern medical treatments. The use of nanomaterials 
to amalgamate drugs with differing action mechanisms, 
or to facilitate combined therapies such as drug delivery, 
radio/chemotherapy, photodynamic, and thermal ther-
apy, has shown synergistic effects [82]. For instance, Xu 
et al. created the Di-DAS-VER NPs, a nanosystem com-
bining a ROS-sensitive dasatinib (DAS) prodrug with 
verteporfin (VER), a photosensitizer. This nanosystem, 
targeting choroidal neovascularization in wet age-related 
macular degeneration, releases DAS and generates ROS 
through VER upon red light exposure, effectively inhib-
iting neovascularization with minimal systemic toxicity 
[83]. In the context of cancer therapy, reliance on single-
agent chemotherapy often leads to multi-drug resistance, 
diminishing its efficacy and causing adverse effects, such 
as gastrointestinal toxicity, liver damage, bone marrow 
suppression, and immunosuppression, due to its del-
eterious impact on normal tissues [84]. In addition, the 
intricate tumor microenvironment further complicates 
this scenario by impeding drug penetration and diffusion, 
thereby limiting chemotherapy’s effectiveness [85, 86]. 
Combined therapy based on nanomaterial-based drug 
delivery systems thus emerges as a promising strategy. 

Liu et al. developed a multifunctional core-shell nano-
system featuring a zinc oxide (ZnO) core and a poly-
dopamine (PDA) shell, integrating chemo-, gene-, and 
photothermal therapies. The system combines doxoru-
bicin (Dox) and DNAzyme with the PDA shell, releasing 
Zn2+ from the ZnO core to activate DNAzyme for gene 
silencing. This approach shows enhanced anti-tumor 
effects and reduced side effects of Dox [87].

Precisely targeting mitochondrial metabolism with 
advanced nanomedicine
Mitochondria, characterized by their double-membrane 
structure, are essential organelles housing mtDNA, vari-
ous ions, and proteins. Their architecture is further com-
plicated by the presence of cardiolipin [88]. The dynamic 
nature of mitochondria, evident in their continuous 
mitotic and fusion-fission activities, presents challenges 
in developing targeted therapeutics [42].

Innovative approaches have been proposed to address 
these challenges, notably through the integration of 
mitochondria-targeting molecules within nanoparticle 
frameworks. For instance, a mitochondria-targeted dik-
etopyrrolopyrrole photosensitizer has been developed, 
enabling photodynamic and photothermal anti-cancer 
therapies by targeting mitochondria for heat and singlet 
oxygen generation [89]. It precisely targets mitochon-
drial by incorporating imidazole groups, which utilize 
the cationic nature of imidazole to interact with the mito-
chondrial membrane’s inner-negative and outer-positive 
potential. Additionally, the commonly used ligand, tri-
phenylphosphonium (TPP), characterized by a deuter-
ated cationic charge and containing three phenyl rings, 
exhibits both lipophilic and hydrophilic properties, 
enabling TPP-modified molecules to easily accumulate 
in the mitochondrial matrix through the lipid bilayer. In 
another advancement, a mitochondria-targeting conju-
gate, CTPP-CSOSA, combines lipophilic cationic (4-car-
boxybutyl) triphenylphosphonium bromide (CTPP) 
with a glycolipid-like compound (CSOSA). This conju-
gate responds to mitochondrial alkaline pH, enhancing 
reactive ROS production and inducing mitochondrial 
permeabilization, which leads to increased apoptosis in 
tumor cells [90]. Notably, in addition to using ligands, 
such as CTPP, TPP, and the heptamethine cyanine dye 
IR68, to target mitochondria, various materials have been 
explored for the construction of mitochondrial-targeting 
nanocarriers. These materials include liposomes; poly-
meric nanocarriers; protein nanoparticles; and inorganic 
nanoparticles [91–94]. Lipid-based delivery technolo-
gies leverage the ability of liposomes to fuse with mito-
chondrial membranes, thereby directly releasing drugs 
or genetic materials inside cells. For instance, the treat-
ment of osteoarthritis has utilized fusion mitochon-
drial capsules (FMCs) synthesized with neutral lipids, 
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cationic lipids, aromatic lipids, and three types of lipo-
somes (FMC0, FMC1, and FMC2) [95]. Lipophilic cation-
based delivery systems exploit their cationic properties 
to penetrate cellular lipid layers and accumulate within 
mitochondria, driven by potential gradients [96]. These 
strategies not only enhance the precision of mitochon-
drial targeting but also reduce drug exposure to non-
specific tissues, thereby aiming to improve therapeutic 
outcomes and minimize side effects. Additionally, emerg-
ing nanomaterials such as MOFs, carbon nanoparticles, 
and black phosphorus nano-materials are being inves-
tigated as potential mitochondrial delivery platforms 
[97–99].

Enhanced ROS by targeting mitochondria
Metal-based nanoparticles
Metal-based nanoparticles are increasingly utilized in 
cancer therapy due to their ability to enhance oxida-
tive stress-mediated cancer cell death. They achieve this 
either by boosting the production of endogenous ROS 
within mitochondria or by forming and delivering exog-
enous ROS directly within cells. This approach leverages 
the unique properties of these nanoparticles to disrupt 
cellular oxidative balance, resulting in oxidative stress and 
selectively targeting cancer cells while minimizing harm 
to normal cells. For instance, zinc peroxide nanoparti-
cles (ZnO2 NPs) are developed for cancer treatment by 
generating both endogenous and exogenous ROS. These 
nanoparticles release H2O2 and Zn2+, enhancing mito-
chondrial ROS production and effectively killing cancer 
cells. Additionally, manganese-doped ZnO2 NPs function 
as MRI contrast agents, providing diagnostic capabilities 
[100]. Likewise, zero-valent-iron nanoparticles (ZVI-
NPs) effectively suppress lung cancer progression by dis-
rupting mitochondrial function and increasing oxidative 
stress in cancer cells [101]. Interestingly, a Bi2S3-based 
nanoneedle, doped with iron (FeBS), simplifies mito-
chondria-targeted therapy by integrating photodynamic 
and photothermal effects. Its uniquely designed lipo-
philic and positively charged surface specifically targets 
mitochondria, while iron doping enhances ROS produc-
tion, improving therapy effectiveness [102]. Moreover, 
gold nanoparticles (AuNPs), enhanced with polymer and 
folate, accumulate in mitochondria, leading to oxidative 
stress and apoptosis. Notably, AuNPs disrupt glycolysis, 
reducing key enzymes through a c-Myc-dependent path-
way, causing energy deprivation and inhibiting tumor 
growth, with minimal impact on non-tumor cells [103].

Inorganic nonmetallic materials
Inorganic nonmetallic nanodrugs have also demon-
strated outstanding performance and broad application 
potential in treating tumors by inducing oxidative stress 
through targeting mitochondria. For example, iron-oxide 

magnetic nanoparticles conjugated with Dox effectively 
target mitochondrial dysfunction in breast cancer cells, 
inducing oxidative stress that leads to DNA damage, 
lipid peroxidation, and mitochondrial potential loss. This 
mitochondrial disruption halts the cell cycle and reduces 
cell migration, enhancing Dox delivery and increasing 
cancer cell mortality while potentially lowering toxicity 
to healthy cells, highlighting their promise in anticancer 
therapy [104]. Similarly, superparamagnetic iron oxide 
nanoparticles (SPIONs) demonstrate selective cytotox-
icity in vitro against mitochondria isolated from oral 
cancer. Exposure to SPIONs increases ROS production, 
disrupts mitochondrial membrane potential, triggers 
cytochrome c release, and induces mitochondrial swell-
ing. Furthermore, SPIONs decrease succinate dehydroge-
nase activity in cancerous mitochondria, suggesting their 
potential as therapeutic agents for oral cancer without 
significantly affecting non-cancerous cells [105]. Notably, 
CsI(Na)@MgO nanoparticles, paired with 5-aminolevu-
linic acid, present a streamlined radiodynamic therapy 
strategy enhancing tumor suppression. This combination 
targets mitochondria in cancer cells, increasing ROS pro-
duction upon X-ray exposure and synergizing with DNA-
targeted irradiation to intensify mitochondrial, DNA, 
and lipid damage [106]. Furthermore, ZnO nanoparticles 
effectively inhibit proliferation and induce apoptosis in 
human multiple myeloma cells, primarily through mito-
chondria-mediated pathways. Exposure to ZnO nanopar-
ticles increases ROS production and decreases ATP 
levels, enhancing cytochrome C, APAF-1, caspase-9, and 
caspase-3 expression. This suggests a potent role for ZnO 
nanoparticles in triggering mitochondrial apoptosis, with 
minimal cytotoxic effects on peripheral blood mono-
nuclear cells, highlighting their potential as therapeutic 
agents against multiple myeloma [107].

Organic nanoparticles
Organic nanocarriers offer significant advantages for 
drug delivery, including enhanced cellular penetration 
due to their small size and surface modification capa-
bilities. These carriers exhibit high target specificity, 
improved drug stability, and controlled release mecha-
nisms responsive to specific stimuli like pH or tempera-
ture. Additionally, their biocompatibility and low toxicity 
are crucial for reducing side effects and improving patient 
tolerance [108]. For instance, red-emissive carbon dots 
(RCDs) have been developed for PDT, with tunable 
ROS generation suitable for both aerobic and hypoxic 
conditions. These RCDs can produce both type I and 
type II ROS, owing to their specific core sizes and sur-
face states. Their mitochondrial targeting ability enables 
them to activate cell death via mitochondrial pathways 
[109]. Interestingly, the nanocarrier HAL/3MA@X-
MP, combining hexyl 5-aminolevulinate hydrochloride 
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(HAL) and 3-methyladenine (3MA) within tumor cell-
derived microparticles (X-MP), targets tumor cells. HAL 
induces sonosensitizer accumulation in mitochondria 
for effective ROS generation and mitochondrial dam-
age, while 3MA inhibits mitophagy and downregulates 
PD-L1, enhancing immunogenic cell death and imped-
ing immune checkpoint recognition [110]. Moreover, 
a mitochondria-targeted drug nanocarrier, prepared 
through host-guest interactions between α-cyclodextrin 
and polyethylene glycol (PEG), effectively combines a NO 
donor and a cinnamaldehyde prodrug for cancer treat-
ment. This approach enhances oxidative stress by deplet-
ing GSH and generating peroxynitrite in mitochondria, 
leading to effective apoptosis in cancer cells and showing 
significant antitumor activity in hepatoma models [111].

Organic/inorganic hybrid nanoparticles
Organic/inorganic hybrid nanomaterials demonstrate 
significant advantages in drug delivery. By combining 
the stability and unique optical properties of inorganic 
components with the biocompatibility of organic compo-
nents, these materials facilitate efficient drug loading and 
precise control over drug release, enhancing accumula-
tion at targeted sites [112]. One commonly employed 
strategy is to integrate metals or metal compounds with 
other organic components to form composite nano-
medicines. For instance, using bio-synthesized gold 
nanoclusters (Au NCs) paired with mitochondria-tar-
geted aptamer-Pyro conjugates (ApPCs), this approach 
enhances uptake and mitochondrial targeting within can-
cer cells. When irradiated, it produces high levels of ROS, 
effectively killing cancer cells [113]. Similarly, mdGC is 
a nanoformulation created by modifying gold nanorods 
with carbon-based nanomaterials. It triggers tumor cell 
apoptosis by increasing ROS and affecting mitochondrial 
function, leading to a high tumor targeting rate and sig-
nificant tumor growth reduction, without needing exter-
nal laser sources [114]. In addition, MitoCAT-g combines 
carbon-dot-supported gold with triphenylphosphine 
and cinnamaldehyde, targeting mitochondria to deplete 
GSH and amplify oxidative stress. This leads to apopto-
sis in cancer cells and effective tumor growth inhibition 
in hepatocellular carcinoma models [115]. Beyond the 
gold nanomaterials, various other metals and metal-
containing compounds are also being actively explored 
and utilized. For example, a novel nanocomposite with 
hyaluronic acid-modified calcium and copper peroxides 
effectively targets tumors. It releases calcium, copper, and 
H2O2 in tumor environments, triggering hydroxyl radi-
cal production and increasing oxidative stress, leading to 
mitochondrial damage [116]. Notably, a nanoplatform, 
incorporating molybdenum disulfide nanoflakes and 
hyperbranched polyglycerol, effectively targets and deliv-
ers PDT agents to both mitochondria and endoplasmic 

reticulum, significantly enhancing cellular uptake in 
resistant cells. It effectively triggers ROS generation, 
leading to substantial tumor reduction by inducing both 
ER stress and mitochondrial dysfunction, thereby revers-
ing drug resistance in cancer therapy [117]. Moreover, 
BPQD-PEG-TPP combines phosphorus quantum dots 
(BPQDs) with a heterobifunctional PEG and a TPP group 
for effective mitochondrial targeting. This nanoplatform 
excels in its photothermal properties, enhancing ROS 
production and demonstrating significant photothermal 
cytotoxicity against cancer cells [118]. Additionally, the 
MB@Bu@MnO2@Alb nanoparticles deliver butformin, 
a mitochondrial-targeted analog, and methylene blue 
to reverse hypoxia and disrupt the PD-1/PD-L1 axis, 
thereby enhancing the generation of ROS and promot-
ing immunogenic cell death [119]. Combining bioac-
tive compounds with inorganic nanomaterials enables 
efficient therapeutic delivery. For example, the electri-
cal pulse-mediated turmeric silver nanoparticle therapy 
combines turmeric’s bioactive compounds with physical 
delivery methods, significantly reducing triple-negative 
breast cancer (TNBC) cell viability and having minimal 
impact on non-cancerous cells. Proteomic analysis shows 
changes in key signaling pathways and metabolism, shift-
ing TNBC cells towards mitochondrial processes and 
increasing ROS [120].

MOFs, a novel class of highly porous materials, are 
exemplary of organic/inorganic hybrid nanomaterials. 
They are constructed from metal ions or clusters coordi-
nated with organic linkers through coordination bonds. 
The uniqueness of MOFs lies in their highly ordered 
porous structure, allowing for precise control over pore 
size and shape. These materials are notable for their 
exceptionally high surface area and customizable poros-
ity, making them highly versatile in various applications, 
including gas storage, separation, catalysis, drug deliv-
ery, and sensing [121]. For instance, BSArGO@ZIF-8 
NSs is a multifunctional nanoplatform designed for 
cancer therapy, using MOF nanoparticles on a graphene 
oxide surface. It disrupts cancer cells by overloading 
them with Zn2+, increasing ROS, and inducing apoptosis 
through mitochondrial events and autophagy pathways. 
Its photothermal capability further enhances tumor sup-
pression, demonstrating potential in combined cancer 
therapy strategies [122]. Similarly, a MOF (PCN-224) 
encapsulated in a ROS-responsive amphiphilic copoly-
mer and loaded with carbon monoxide releasing mol-
ecule (CORM-401) targets mitochondria for enhanced 
PDT in cancer treatment. This mitochondria-focused 
approach, activated by near-infrared light, induces apop-
tosis and ferroptosis, significantly improving antitumor 
efficacy [123].
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Other novel nanobiomaterials
Innovative nanomaterials have been engineered to 
specifically target mitochondrial metabolism, thereby 
modulating ROS levels in cancer cells (Fig.  3). A 

mechanical-thermal induction therapy utilizes mag-
netic nanocubes and alternating magnetic fields to 
increase ROS levels in cancer cells, causing cell death. 
This innovative approach disrupts lysosomes, leading 

Fig. 3 Nanoparticles targeting mitochondria to enhance ROS generation and improve cancer treatment. (A) Metal-based nanoparticles, including ZnO2 
NPs, AuNPs, ZVI-NP, and Bi2S3-based nanoneedles, specifically target mitochondria. They disrupt mitochondrial function and generate ROS, thereby me-
diating apoptosis in cancer cells, inhibiting tumor growth, and facilitating early diagnosis. (B) Organic nanoparticles, such as RCDs, HAL/3MA@X-MP and 
PEG, induce effective ROS generation and mitochondrial damage. This leads to the activation of cell death pathways and mediates apoptosis in cancer 
cells. (C) Organic/inorganic hybrid nanoparticles, including mdGC, MB@Bu@MnO2@Alb, and MOF nanoparticles, increase ROS production and affect 
mitochondrial function. This contributes to apoptosis in cancer cells, inhibition of drug resistance, and suppression of tumor growth. (D) Other novel 
nanoparticles, such as HEBD, AHTPR, and nanosheets enhanced with TPP, as well as Fe3O4 nanozyme carriers, disrupt mitochondrial function, enhance 
ROS production, and accelerate cancer cell apoptosis, effectively inhibiting tumor growth
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to mitochondrial dysfunction and a rise in ROS [124]. 
Interestingly, a one-pot nanoconstruction (HEBD) is syn-
thesized through chemical reactions among epigallocat-
echin gallate, buthionine sulfoximine, and formaldehyde 
in water, with subsequent Dox adsorption. This nano-
construction targets mitochondria to disrupt electron 
transport and increase ROS production, enhancing Dox’s 
chemodynamic therapy, improving anti-tumor efficacy, 
prolonging survival in tumor models, and reducing car-
diotoxicity and metastasis risks [125]. Likewise, nano-
drugs combining camptothecin (CPT) and berberine 
(BBR) with indocyanine green (ICG) disassemble under 
stimuli, releasing drugs rapidly into cancer cells. Their 
dual approach of chemotherapy and PTT disrupts mito-
chondrial function, enhances ROS, and accelerates cancer 
cell apoptosis, effectively inhibiting tumor growth [126]. 
Moreover, a hollow Fe3O4 nanozyme carrier, co-loaded 
with lactate oxidase and syrosingopine, inhibits lactate 
efflux, enhancing intracellular acidification and H2O2 
production, leading to significant ROS generation. This 
process disrupts mitochondrial function and energy sup-
ply in tumor cells. Additionally, it restructures the tumor 
immune environment, boosting anti-cancer immunity 
and synergizing chemodynamic, immunological, and 
starvation therapies for effective cancer treatment [127]. 
Notably, a novel nanoplatform (AIBI@H-mMnO2-TPP@
PDA-RGD, AHTPR) combines low-temperature PTT 
with thermodynamic therapy for effective cancer treat-
ment. It specifically targets mitochondria in cancer cells, 
releasing radicals to induce cell death at temperatures 
below 45  °C. Importantly, AHTPR effectively depletes 
GSH, enhancing therapy effectiveness against hypoxic 
tumors [128]. Interestingly, a novel cancer treatment 
approach uses 2D WS2 nanosheets, enhanced with TPP 
for mitochondria targeting, and loaded with the glycoly-
sis inhibitor FX11. These nanosheets, under ultrasound, 
generate ROS to target and disrupt cancer cell mitochon-
dria and energy metabolism [129] (Table 1).

Disrupted mitochondrial energy metabolism
Targeting mitochondrial OXPHOS
Similar to targeting mitochondria to enhance ROS in 
cancer cells, various types of nanoparticles have been 
developed to target mitochondrial OXPHOS, thereby 
suppressing tumor growth and progression (Fig.  4). As 
regards to organic nanoparticles, biguanide-modified 
chitosan targets mitochondrial OXPHOS in cancer cells, 
reducing tumor hypoxia and multidrug resistance protein 
1 expression. This enhances the effectiveness of oxygen-
sensitive therapies like chemotherapy, increasing Dox 
accumulation and cytotoxicity in tumor cells [130]. Simi-
larly, PEG-PCL liposomes co-delivering IR780 and met-
formin (Met) also represent a novel approach in targeting 
tumor hypoxia. Met inhibits mitochondrial complex 

I, reducing respiration and overcoming hypoxia. This 
facilitates effective combined photodynamic and photo-
thermic therapy using IR780. The treatment also enables 
near-infrared/photoacoustic imaging, offering a novel 
solution to hypoxia-induced resistance in cancer thera-
pies [131]. Notably, IR-LND@Alb nanoparticles are cre-
ated by conjugating the mitochondrial-targeted dye IR-68 
with lonidamine (LND), an agent that inhibits mitochon-
drial complexes I and II, and then self-assembling with 
albumin (Alb). This approach effectively reduces PD-L1 
expression, surpassing the anti-tumor efficacy of conven-
tional anti-PD-L1 monoclonal antibodies. Additionally, 
IR-LND serves as a promising PDT drug with self-oxy-
gen and self-PD-L1 regulation capabilities. This strategy 
offers a new avenue for mitochondrial-targeted immuno-
therapy and enhanced PDT in cancer treatments [91].

In the context of organic/inorganic hybrid nanopar-
ticles, the PEG-GO@XN nanocomposite, integrating 
prenylated chalcone xanthohumol with graphene oxide, 
selectively targets OXPHOS in metastatic breast cancer 
cells. It reduces ATP production, disrupts cell migration 
and invasion mechanisms, and inhibits metastasis to the 
lung in mice. PEG-GO@XN also prevents epithelial-mes-
enchymal transition in cancer cells, indicating its poten-
tial as a targeted treatment for metastatic breast cancer 
[132]. Similarly, PTX@GO-PEG-OSA, a drug deliv-
ery system, enhances paclitaxel’s efficacy against gas-
tric cancer by integrating with modified graphene oxide 
nanosheets. It releases drugs in response to pH and tem-
perature changes and generates ROS under near-infrared 
irradiation, targeting mitochondrial respiratory chain 
enzymes [133]. Moreover, fructose-coated Ångstrom-
scale silver particles (F-AgÅPs) demonstrate significant 
anti-osteosarcoma effects, outperforming cisplatin in 
tumor growth inhibition and metastasis prevention, with 
minimal toxicity. These particles induce apoptosis in 
osteosarcoma cells by shifting glucose metabolism from 
glycolysis to mitochondrial oxidation [134]. In addition, 
Au25(Capt)18 (CNC) exhibits significant cytotoxicity in 
cancer cells by disrupting mitochondrial functions, spe-
cifically targeting OXPHOS and ATP synthase, leading to 
increased ROS and apoptosis. This activity occurs inde-
pendently of external light excitation, highlighting the 
crucial role of ligand shells in nanocluster applications 
[135].

Interestingly, the composite nanomaterials have also 
demonstrated promising efficacy in targeting mitochon-
drial OXPHOS for treating cancer. For instance, the 
supramolecular nanoplatform, comprising an amphi-
philic polymer, phototherapeutic agent Cy7-CN, atova-
quone (ATO), and CPT, targets hypoxic tumor tissues 
for PDT. ATO inhibits mitochondrial OXPHOS, improv-
ing oxygen availability in tumors and enhancing PDT 
efficiency aiding oxygen use in PDT. This approach, 
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Table 1 Nanoparticles targeting mitochondria to enhance ROS generation and improve cancer treatment
Type Composition Mechanisms Effects Outcomes Ref.
ZnO2NP ZnO2 Inhibit ETC ↑ROS, ↑oxidative stress Kill cancer cells [100]
ZVI NP Zero-valent-iron Cause mitochondria 

dysfunction
↑ROS, ↑oxidative stress
↑ferroptotic death

Kill cancer cells,
reprogram TME

[101]

FeBS NP Bi2S3-based 
nanoneedle,
Fe ion

Produce extra ROS ↑ROS, ↑oxidative stress
↑photothermal effect

Inhibit tumor growth,
enhance PDT / PTT efficacy

[102]

AuNP Polymer, folate, Au Impair mitochondrial structure 
/ function, inhibit GLUT1 / HK2

↑ROS, ↑oxidative stress
↑mitochondrial apoptosis

Inhibit tumor growth [103]

RCDs Carbon dots Produce type I/II ROS ↑ROS, ↑mitochondrial 
apoptosis

Kill cancer cells [109]

HAL/3MA
@X-MP

HAL, 3MA, tumor cell-
derived microparticle

Produce ROS, inhibit mitopha-
gy, downregulate PD-L1

↑ROS, ↑oxidative stress
↑mitochondrial damage, 
↑ICD

Kill cancer cells [110]

T-NPCA/NO NO donor, 
cinnamaldehyde,
α-CD, PEG

Produce ROS, deplete 
GSH, cause mitochondrial 
dysfunction

↑ROS, ↑oxidative stress↑ 
mitochondrial apoptosis

Enhance antitumor ability of 
oxidative therapy

[111]

Au NCs
-Ap PCs

Au NCs, ApPCs Produce ROS, disrupt mito-
chondrial membrane

↑ROS, ↑oxidative stress Kill cancer cells, inhibit tumor 
growth, enhance PDT efficacy

[113]

mdGC Au NRs, CBNs Increase intracellular ROS, 
reduce mitochondrial mem-
brane potential

↑ROS, ↑oxidative stress↑
Mitochondrial apoptosis

Kill cancer cells,
inhibit tumor growth

[114]

MitoCAT-g CAT-g, TPP, 
cinnamaldehyde

Produce ROS, deplete GSH ↑ROS, ↑oxidative stress,
↑oxidative stress, 
apoptosis

Kill cancer cells,
inhibit tumor growth

[115]

CaO2/CuO2@HA NC HA, calcium peroxides, 
copper peroxides

Produce ROS, Ca2+ overload, 
mitochondrial dysfunction

↑ROS, ↑oxidative stress Promote tumor calcification 
and necrosis

[116]

Cy7.5-TG@GPM MoS2, hPG, organelle-
targeting PDT agents

Produce ROS, mitochondrial 
dysfunction, cytochrome C 
release

↑ROS, ↑oxidative stress,
↑cancer cell apoptosis

Kill cancer cells, enhance PDT 
efficacy, reverse MDR

[117]

BPQD-PEG-TPP BP quantum dots, 
heterobifunctional 
PEG, TPP

Produce ROS ↑ROS, ↑oxidative stress
↑photothermal effect

Enhance PPT efficacy [118]

MB@Bu@MnO2@Alb Manganese dioxide 
albumin, MB, Bu

Disrupt OXPHOS, inhibit PD-L1 
and PD-1, reverse hypoxia

↑ROS, ↑ICD, reverse TIME Kill cancer cells, inhibit tumor 
growth, enhance PDT efficacy

[119]

Tur NP Tur NP Enhance pyruvate metabolism, 
TCA cycle and OXPHOS

↑ROS Kill cancer cells,
enhance ECT efficacy

[120]

BSArGO
@ZIF-8

ZIF-8 NPs, GO, bovine 
serum albumin

Zn2+overload, initiate bim, 
upregulate PUMA/NOXA, 
downregulate Bid/p53AIP1

↑ROS, ↑autophagy,
↑Mitochondrial apoptosis

Kill cancer cells,
enhance IIT efficacy

[122]

PCN-224 Zirconium, 
4-caboxyphenyl
porphyrin, CORM-401,
HA, TPP

Produce ROS, triggers intracel-
lular release of CO

↑ROS, ↑apoptosis,
↑ferroptosis

Kill cancer cells,
enhance PDT efficacy

[123]

Magnetic nanocubes Magnetic nanocubes Increase ROS, disrupt 
lysosomes, mitochondrial 
dysfunction

↑ROS, ↑oxidative stress Kill cancer cells, eradicate 
glioma and breast cancer

[124]

HEBD EGCG, BSO,
formaldehyde, Dox

Disrupt mitochondrial ETC,
inhibit GSH biosynthesis

↑ROS, ↑mitochondrial 
apoptosis, ↓hypoxia

Kill cancer cells,
enhance CDT efficacy

[125]

CPT-ss-BBR/ICG CPT, BBR, ICG Produce ROS, disrupt mito-
chondria membrane potential

↑ROS, ↑cancer cell 
apoptosis

Inhibit tumor growth, en-
hance therapeutic efficacy

[126]

Syr/LOD
@HFN

Hollow Fe3O4 catalytic 
nanozyme carrier, LOD, 
Syr

Inhibit lactate efflux, produce 
ROS, damage mitochondria

↑ROS, ↑oxidative stress, 
remodel TME

Enhance therapeutic efficacy [127]

AHTPR RGD, PDA, TPP, 
H-mMnO2

Produce ROS, deplete GSH, ↑ROS, ↑mitochondrial 
apoptosis

Inhibit tumor growth, 
enhance efficacy of LPTT and 
TDT

[128]

FX11@TPEG-WS2 FX11, TPP, poly PEG,
WS2 nanosheet

Produce ROS, inhibit glycolysis ↑ROS, ↓ATP Inhibit tumor growth, en-
hance chemotherapy efficacy

[129]
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combining enhanced PDT and PTT with chemotherapy, 
shows promising tumor inhibition results [136]. Simi-
larly, a ZIF-90 based nanocarrier, loaded with ATO and 
hemin and modified with iRGD, reprograms mitochon-
drial metabolism in breast cancer treatment. Hemin 
degrades BACH1, boosting ATO’s inhibition of mito-
chondrial respiration. The nanocarrier’s ATP-responsive, 
dual-targeting approach effectively concentrates ATO in 
mitochondria, enhancing tumor suppression with mini-
mal side effects [137]. Gboxin, aslo known as an inhibitor 

of OXPHOS, specifically targets complex V (F0F1 ATP 
synthase). HM-NPs@G, coated with a cancer cell-mito-
chondria hybrid membrane, improves biocompatibility, 
pharmacokinetics, blood-brain barrier (BBB) permeabil-
ity, and dual targeting. This nanomedicine includes an 
ROS-responsive polymer for controlled Gboxin release, 
enhancing blood circulation and tumor targeting, effec-
tively inhibiting glioblastoma (GBM) growth in mice 
with minimal side effects [138]. Moreover, the BLG@
TPGS nanocomposite is a synergistic nano-therapeutic 

Fig. 4 Nanoparticles targeting mitochondria inhibit OXPHOS to enhance cancer treatment. (A) Organic nanoparticles, such as Bi-Ch, PEG-PCL, and 
IR-LND@Alb, inhibit OXPHOS and reverse hypoxia, thus enhancing the effectiveness of oxygen-sensitive therapies, including chemotherapy and PDT. 
(B) Organic/Inorganic hybrid nanoparticles, including PEG-GO@XN, PTX@GO-PEG-OSA, F-AgAps, and Au25(Capt)18, impede mitochondrial respiratory 
chain enzymes, resulting in increased ROS and reduced ATP production, leading to cell apoptosis and impairing mechanisms of cell migration and inva-
sion while augmenting chemotherapy efficacy. (C) Other novel nanoparticles, such as BLG@TPGS, POPD@ATO@CPT-Py, ZIF-90@ATO@hemin@IRGD, and 
HM-NPs@G, also inhibit OXPHOS. Contrastingly, Mito-AIEgen-lipid shifts cellular metabolism towards OXPHOS, thereby inhibiting growth, triggering cell 
apoptosis, and enhancing the efficiency of PDT
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modality prepared by doping with multiple energy inhibi-
tors — BBR and LND — along with the chemothera-
peutic agent gambogic acid. This approach effectively 
cuts off mitochondrial respiration, glycolysis, and Gln 
metabolism, significantly reducing tumor proliferation 
and migration [139]. In addition, some novel bioactive 
nanosystems have been designed to achieve anti-tumor 
effects by modulating the mitochondrial metabolic path-
ways in cancer cells. A mitochondrial-targeting aggre-
gation-induced emission luminogen (AIEgen), DCPy, 
is combined with living mitochondria to form a bioac-
tive nanohybrid for deep-seated cancer treatment. This 
nanohybrid generates ROS under microwave irradiation, 
inducing apoptosis in cancer cells and reprogramming 
their metabolism from glycolysis to OXPHOS, thereby 
further enhancing the efficiency of microwave dynamic 
therapy [140]. Likewise, a novel cancer treatment strategy 
combines an aggregation-induced emission photosensi-
tizer with bioactive mitochondria (Mito-AIEgen-lipid) 
to enhance PDT efficiency. This engineered living sys-
tem shifts cell metabolism towards OXPHOS, inhibiting 
growth and triggering apoptosis [141].

Targeting ATP production
Various nanoparticles have been engineered to target 
ATP production in cancer cells (Fig.  5). For instance, 
the TPP-PPG@ICG nanocomposite, integrating a 

mitochondria-targeting ligand with ICG-loaded gra-
phene, provides synergistic photodynamic and PTT acti-
vated by near-infrared light. It disrupts ATP synthesis 
and mitochondrial function in cancer cells, overcoming 
drug resistance and leading to cell death. Proven selec-
tive and effective in experiments, TPP-PPG@ICG shows 
promise as a safe and potent treatment for drug-resistant 
osteosarcoma [142]. In addition, the HNHA-GC nano-
composite disrupts cancer cell metabolism by block-
ing mitochondrial respiration and glycolysis, crucial for 
ATP production. It releases calcium, 10-hydroxy CPT, 
and glucose oxidase (GOD) at tumor sites, causing mito-
chondrial dysfunction and inhibiting glycolysis. This 
trigger increased ROS and acidity, enhancing calcium 
overload [143]. Interestingly, the LMGC nanoparticle 
is designed with a liquid metal core, surface-function-
alized with GOD and coated with calcium carbonate. 
It achieves therapeutic effects by employing GOD to 
disrupt glycolysis and increase oxidative stress, while 
calcium carbonate promotes Ca2+-mediated mitochon-
drial dysfunction. This dual approach effectively reduces 
ATP production and lowers heat resistance in tumor 
cells, thereby improving the effectiveness of PTT against 
tumors [144]. Notably, an abraxane-like nanoplatform 
named LCIR effectively depletes ATP by inhibiting mito-
chondrial complexes and hexokinase II, enhancing NIR-
triggered photodynamic and photothermal treatments. 

Fig. 5 Nanomedicines enhance cancer therapy by targeting ATP production. Nanomedicines such as TPP-PPG@ICG, HNHA-GC, LCIR, DA-P-SS-PTX@TPP, 
and DNA tetrahedron@TPP effectively reduce ATP production by obstructing mitochondrial respiration and disrupting glycolysis, while also releasing 
calcium ions that induce mitochondrial dysfunction. These mechanisms collectively contribute to the inhibited growth and migration of tumor cells, 
thereby synergistically enhancing the efficacy of various cancer treatments
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This approach significantly reduces tumor size with 
minimal systemic toxicity, indicating its potential to 
overcome resistance in conventional cancer therapies 
[145]. Besides, a novel organic nanocarrier DA-P-SS-T/
PTX, modified with acid-cleavable dimethylmaleic anhy-
dride and conjugated with mitochondria-targeting TPP, 
demonstrates enhanced cellular uptake and specific tar-
geting to mitochondria in tumor environments. It facili-
tates prolonged blood circulation, effectively targets the 
mitochondrial outer membrane in tumor cells, leading to 
decreased membrane potential and ATP levels, thereby 
inhibiting P-glycoprotein and curtailing both cancer 
drug resistance and metastasis [146]. Modified with tri-
phenylphosphine for mitochondrial targeting, DNA 
tetrahedrons form aggregates in the cytoplasm, particu-
larly targeting mitochondria. This intracellular dynamic 
assembly disrupts mitochondrial function, reducing 
aerobic respiration and glycolysis, leading to decreased 
ATP production. Resulting in significant inhibition of cell 
migration, especially in cancer cells, this approach offers 
a promising strategy in biomedicine for precise organelle 
manipulation within living cells [147].

Targeting TCA cycle
Disrupting the TCA cycle is also a promising strategy 
for suppressing tumor progression (Fig. 6). For instance, 
phospholipid-modified gold nanorods significantly 

disrupt the TCA cycle in MCF-7 breast cancer cells, lead-
ing to reduced cellular energy metabolism and impaired 
cancer cell growth [148]. Similarly, the AuPt@Cu-PDA 
nanocomposite combines PTT and nanocatalytic ther-
apy, targeting the TCA cycle in cancer cells. It disrupts 
copper homeostasis and induces cuproptosis, leading 
to the disruption of the mitochondrial TCA cycle and 
enhanced cancer treatment efficacy [149]. In addition, 
the ClO2-loaded nanoparticles (MFBC@CMR NPs) dis-
rupt mitochondrial functions and TCA cycle, leading to 
lactate accumulation and pH reduction, triggering chlo-
rine dioxide release. This oxidizes methionine, inhibits 
tumor growth, and disrupts mitochondrial Cl− homeo-
stasis, causing apoptosis. This approach combines chlo-
rine treatment with methionine-depletion starvation 
therapy, offering an innovative method for tumor treat-
ment [150]. Interestingly, AMANC@M, a redox-activat-
able nanoparticle, effectively targets TNBC by inhibiting 
glycolysis with CRISPR/Cas9 and blocking the TCA cycle 
with the novel drug CPI-Z2. This approach not only dis-
rupts cancer cell metabolism but also transforms the 
tumor microenvironment, enhancing the efficacy of can-
cer therapy. Additionally, AMANC@M offers PTT and 
imaging capabilities, making it a promising strategy for 
TNBC treatment [151].

Fig. 6 The mechanism of nanomedicines in enhancing cancer therapy through targeting the mitochondrial TCA cycle. Nanomedicines, including phos-
pholipid-GNRs, AuPt@Cu-PDA, MFBC@CMR, and AMANC@M, disrupt the mitochondrial TCA cycle, leading to reduced cellular energy metabolism and 
impaired cancer cell growth. Additionally, these nanomedicines, by co-delivering other therapeutic agents, can inhibit various metabolic pathways, 
modulate the tumor microenvironment, and synergistically enhance the efficacy of both starvation therapy and immunotherapy
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Other novel nanomaterials for targeting mitochondrial 
energy metabolism
The development of various nanotechnologies repre-
sents a significant advancement in targeting cancer cells’ 
mitochondrial energy metabolism, offering new avenues 
for effective and specific cancer therapies. For instance, 
developed bioreducible exosomes for targeted sono-
dynamic cancer therapy carry mitochondria-targeting 
sonosensitizers and glycolysis inhibitors. Released in 
tumor cells’ reducing environment, they enhance drug 
release and sonodynamic effects under ultrasound. This 
treatment disrupts mitochondria, prompts cell death, 
and suppresses energy metabolism, effectively inhibit-
ing tumor growth with minimal systemic toxicity [152]. 
Interestingly, the CUR@DNA-FeS2-DA nanocompos-
ite efficiently delivers nano-sized curcumin (CUR) to 
MCF-7 cancer cells’ mitochondria. Synthesized using a 
DNA template and poly-dopamine, it exhibits a photo-
thermal effect and gradual CUR release in acidic environ-
ments. This nanocomposite effectively disrupts cancer 
cell energy metabolism by inhibiting key enzymes, offer-
ing a novel approach to target mitochondrial functions in 
cancer therapy [153]. Similarly, the M27-39@FA-MCNs 
nanoplatform combines folic acid-modified mesoporous 
carbon nanoparticles (FA-MCNs) with the small pep-
tide M27-39. It offers effective targeting and bioactivity 
improvement for colorectal cancer (CRC) treatment. Sta-
ble in both gastric and intestinal fluids, it releases drugs 
efficiently, targeting mitochondrial energy metabolism 
and inducing apoptosis in CRC cells [154]. Furthermore, 
a novel nanoprodrug has been developed to simultane-
ously disrupt cancer cell energy metabolism and stimu-
late immune response. This dual-action drug, coated with 
F127, releases LND and NLG919 upon contact with high 
GSH levels. LND inhibits glycolysis by targeting hexoki-
nase II and mitochondria, while NLG919 alleviates the 
immunosuppressive tumor environment [155]. Similarly, 
the Cy-TK-LND nanoparticles release LND in response 
to laser-induced oxidative stress, effectively blocking 
energy supply and triggering apoptosis in cancer cells. 
Their in vitro and in vivo efficacy, marked by a signifi-
cantly lower IC50 compared to free LND and induction 
of tumor cell necrosis and apoptosis, demonstrates their 
potential as a promising, mitochondria-targeted chemo-
therapy strategy [156] (Table 2).

Targeting FAO
FAO plays a crucial role in cancer cells, serving as a vital 
energy source for their growth and proliferation. Tar-
geting FAO with nanomaterials presents a promising 
strategy for cancer treatment, as it disrupts the energy 
supply essential for tumor cell survival and progression 
(Fig. 7). For instance, rhodium nanoparticles in PDT tar-
get β-oxidation in cancer cells, disrupting their energy 

metabolism. This leads to decreased levels of ATP, ADP, 
and NAD+, and an accumulation of free fatty acids, effec-
tively inducing apoptosis by altering apoptotic factors 
[157]. Similarly, a cascade-responsive 2-DG nanocap-
sule delivery system has been developed to treat GBM by 
targeting both glycolysis and FAO. It combines an anti-
vascular endothelial growth factor receptor 2 monoclo-
nal antibody with CPT1C siRNA, effectively penetrating 
the BBB and reducing GBM cell energy supply and angio-
genesis. Platin-L, a cisplatin-based prodrug, targets FAO 
in prostate cancer cells by inhibiting CPT1A, shifting 
them to a glucose-dependent state. Incorporated into a 
targeted oral nanoformulation, it demonstrates potential 
for treating cisplatin-resistant cancer forms by exploiting 
its unique FAO inhibitory property [158]. While inhib-
iting FAO can cut off the energy supply of tumor cells, 
some studies have also shown that appropriately activat-
ing the FAO pathway to produce ROS can also achieve 
the goal of inhibiting tumors. For example, a nanoplex 
co-encapsulating atorvastatin (Ato) and PD-L1 siRNA 
targets FAO in cancer cells, activating AMPK and boost-
ing mitochondrial FAO. This leads to a self-amplifying 
cycle of ROS production, resulting in effective tumor 
cell death and improved anti-tumor efficacy [159]. Like-
wise, liposome nanoparticles (Ato/CQ@L), combining 
Ato and chloroquine (CQ), enhance FAO in cancer cells 
to treat drug-resistant tumors. Ato boosts ROS produc-
tion through FAO, while CQ inhibits autophagy, leading 
to increased apoptosis in tumor cells, effectively address-
ing the challenges of conventional ROS-based therapies 
[160]. Notably, a tumor vaccine vector (TA-Met@MS) 
using PLGA microspheres to deliver tumor antigen, Met, 
and hollow gold nanospheres shifts cellular metabolism 
from glycolysis to FAO via Met-induced AMPK activa-
tion. This enhances the differentiation and survival of 
memory CD8+ T cells, offering a novel approach for can-
cer therapy [161].

Targeting gln metabolism
Cancer cells often exhibit a marked dependence on exog-
enous Gln, leveraging it predominantly as an anaplerotic 
substrate for the TCA cycle, rather than as a building 
block for protein synthesis. This Gln addiction is under-
scored by increased activity of the enzyme GLS [162]. 
In a notable study, Andrew et al. uncovered that tumor 
cells with compromised mitochondrial oxidative capaci-
ties utilized a Gln-dependent reductive carboxylation 
pathway. Facilitated by both mitochondrial and mem-
brane-bound isoforms of NADP+/NADPH-dependent 
isocitrate dehydrogenase, this alternative metabolic route 
generates citrate and its downstream products, nota-
bly acetyl-CoA for lipid biosynthesis. This pathway also 
replenishes four-carbon intermediates essential for the 
synthesis of other TCA cycle metabolites and biomass 
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Table 2 Mechanisms of nanomedicines to enhance cancer therapy by disrupting mitochondrial energy metabolism
Type Composition Mechanism Effects Outcomes Ref.
Bi-Ch Chitosan Inhibit OXPHOS ↓Tumor hypoxia,

↓multidrug resistance 
protein 1

Doxorubicin 
accumulation,
amplify cytotoxicity

[130]

PEG-PCL liposomes PEG-PCL, IR780
Metformin

Inhibit mitochondrial complex I ↓Respiration,
overcoming hypoxia

Facilitate therapy [131]

IR-LND@Alb NPs IR-68, LND, Alb Reduce PD-L1 expression ↑Self-oxygen,
↑Self-PD-L1 regulation

Facilitate therapy [91]

PEG-GO@XN Prenylated chalcone 
xanthohumol, gra-
phene oxide

Inhibit OXPHOS ↓ATP production Inhibit metastasis [132]

PTX@GO-PEG-OSA PTX, PEG, OSA, NSs Release drugs in response to pH and 
temperature changes

↓ATP production Overcome drug 
resistance

[133]

HM-NPs@G Gboxin, cancer cell 
mitochondria hybrid 
membrane

Inhibit F0F1 ATPase
complex V

↓OXPHOS Inhibit tumor growth [138]

BLG
@TPGS

BBR, LND, GA Cause mitochondrial dysfunction ↓OXPHOS, ↓glycolysis,
↓gln metabolism,

Inhibit tumor prolifera-
tion and migration

[139]

AIEPS engineered 
mitochondria

AIE PS
Mito-AIEgen-lipid

Inhibit aerobic glycolysis ↓Anti-apoptotic protein 
Bcl-2

Promote cell apoptosis [141]

TPP-PPG@ICG TPP, PGG, ICG Inhibit ATP synthesis and mitochon-
drial function

↑Synergistic photodynamic 
↑PTT

Inhibit tumor 
progression

[142]

HNHA-GC 
nanocomposite

Gox, HA, CPT,
NHA nanorods

Block mitochondrial respiration and 
glycolysis

↑ROS, ↑acidity Disrupt cancer cell 
metabolism

[143]

LMGC NPs LMGC, GOx,
calcium carbonate

Disrupt glycolysis,
mitochondrial dysfunction

↓ATP production,
↓ heat resistance

Improve the effective-
ness of PTT

[144]

LCIR nanoplatform CDM, LND-TPP, IR780 
albumin nanoparticles

Inhibit mitochondrial complexes and 
hexokinase II

↑Photodynamic treatments,
↑photothermal treatments

Reduce tumor size [145]

DA-P-SS-T/PTX PTX, DA, PTT Target mitochondrial outer mem-
brane, inhibit P-glycoprotein

↓Membrane potential, ↓ATP Curtail drug resistance 
and metastasis

[146]

DNA tetrahedrons DNA Mitochondrial dysfunction,
reduce aerobic respiration and 
glycolysis

↓ATP production Inhibition of cell 
migration

[147]

Phospholipid-GNRs Phospholipid, gold 
nanorods

Decrease energy metabolisms meta-
bolic intermediates and end-products

↓TCA cycle,
↓glycolytic activity, redox 
state imbalance

Inhibit cancer 
cell growth and 
proliferation

[148]

AuPt@Cu-PDA AuPt, Cu, PDA Disrupt copper homeostasis, produce 
ROS, deplete GSH, produce O2

↓TCA, ↑ROS, ↑oxidative 
stress, reverse hypoxia, ↑cu-
proptosis, reverse TIME

Kill cancer cells, en-
hance efficacy of PTT

[149]

MFBC@CMR NPs Fluvastatin sodium, 
metformin, bupiva-
caine, ClO2, CaSiO3, 
MnO2-arginine-glycine-
aspatic acid

Mitochondrial dysfunction, produce 
lactate and Cl−

↓TCA, ↓membrane potential, 
mitochondrial damage, 
↑apoptosis

Kill cancer cells, 
enhance starvation 
therapy efficacy

[150]

AMANC@M Au@MSN NPs, CRISPR/
Cas9 system, CPI-Z2, 
L-Arg

Block TCA cycle,
inhibit LDH

↓TCA, ↓glycolysis,
reverse TIME

Enhance PPT therapy [151]

Bioreducible 
exosomes

Exosomes Carry mitochondria-targeting sono-
sensitizers and glycolysis inhibitors

Enhance drug release and 
sonodynamic effects

Inhibit tumor growth [152]

CUR@DNA-FeS2-DA DNA-FeS2-DA
CUR

Release CUR,
Exhibit a photothermal effect

↓Energy metabolism Facilitate therapy [153]

M27-39@FA-MCNs FA-MCNs
M27-39

Disrupt mitochondrial
energy metabolism

↑Cell apoptosis Inhibit tumor growth [154]

GSH-responsive 
dimeric prodrug

LND
NLG919, F127

Decrease hexokinase II,
destroy mitochondria,
reduce kynurenine

↓Energy metabolism,
↑immune response

Inhibit tumor growth [155]

Cy-TK-LND NPs Cy, TK, LND Facilitate the release of free LND into 
mitochondria

↓Mitochondria damage,
↑apoptosis pathway

Promote cell apoptosis [156]
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precursors. Predominantly active in rapidly proliferating 
malignant cells with mutations in the ETC complex I or 
III, renal carcinoma cells derived from fumarate hydra-
tase mutations, and cells with inhibited mitochondrial 
ETC function, this Gln-dependent reductive pathway sig-
nifies a major metabolic adaptation in tumor cell physiol-
ogy [163, 164].

Current research on using nanomaterials to target 
Gln metabolism in cancer treatment is limited (Fig.  8). 
MLipRIR nanoparticles, which are liposome-encapsu-
lated and incorporate R162 and IR780, specifically tar-
get mitochondrial dysfunction to induce ferroptosis and 
immunogenic cell death in cancer cells. Activated by 
ultrasound, they impair glutaminolysis and increase ROS 
levels, disrupting redox homeostasis [165]. Interestingly, 
HYL001, a novel LND derivative, effectively targets can-
cer stem cells by inhibiting GLS, thereby disrupting Gln 
metabolism and amplifying mitochondrial stress. There-
fore, encapsulating HYL001 within nanomaterials could 
enhance its therapeutic potential [166].

Targeting calcium overload to mediate mitochondrial 
metabolism
In cancer therapy, inducing calcium overload in cancer 
cells can be an effective strategy. This approach aims to 
disrupt mitochondrial metabolism in cancer cells, as cal-
cium overload interferes with the normal functions of 

mitochondria, impairing the ETC and OXPHOS, thereby 
reducing ATP production. Additionally, excessive cal-
cium can trigger mitochondrial-mediated apoptosis path-
ways, increasing cancer cell death. Therefore, targeted 
elevation of intracellular calcium levels through nano-
materials or drug delivery systems may enhance the effi-
cacy of cancer treatments (Fig. 9) [167, 168]. For instance, 
a calcium ion nanomodulator combining cisplatin and 
CUR within calcium carbonate nanoparticles enhances 
cancer therapy. Targeting mitochondria, it releases cal-
cium ions, disrupting mitochondrial function and boost-
ing tumor inhibition. This nanomodulator also allows for 
tumor tracking through fluorescence and photoacoustic 
imaging, offering a novel strategy for bioimaging-guided, 
mitochondria-focused cancer treatment [169]. Addition-
ally, a novel nanoplatform named ABT-199@liposomes/
Dox@FeIII-tannic acid is designed to transport endog-
enous calcium ions from the endoplasmic reticulum to 
mitochondria, increasing intramitochondrial calcium 
levels. This occurs through a cascade release mecha-
nism in the tumor’s acidic environment, enhancing 
mitochondrial dysfunction and tumor inhibition [170]. 
Importantly, the biodegradable nanocomposite material 
DPGC/OI, encapsulating IR780 and obatoclax, repre-
sents a novel strategy to enhance PDT. It induces mito-
chondrial Ca2+ overload through calcium phosphate, 
leading to mitochondrial dysfunction and increased ROS 

Fig. 7 Mechanisms of nanomedicines to enhance cancer therapy by targeting mitochondrial FAO Nanomedicines targeting mitochondrial FAO, includ-
ing rhodium NPs, 2-DG, C18-pArg8-ss-pHis10/Ato/PD-L1 siRNA, Ato/cq@L, and TA-Met@MS, demonstrate diverse therapeutic actions. Rhodium NPs and 
2-DG reduce the energy supply in tumor cells by inhibiting FAO, resulting in cell apoptosis due to the accumulation of free fatty acids. Moreover, suppres-
sion of FAO heightens tumor cells’ reliance on glucose metabolism, enhancing the efficacy of cisplatin in drug-resistant tumors. Alternatively, activation 
of the AMPK pathway to promote FAO not only aids in ROS production, leading to tumor cell apoptosis, but also improves the differentiation and survival 
of CD8+ T cells, augmenting immune function
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production. Concurrently, obatoclax inhibits cancer cell 
autophagy, countering resistance to PDT and boosting its 
effectiveness with minimal toxicity [171] (Table 3).

Future challenges and prospects
As scientific research advances, nanomedicine is increas-
ingly unlocking possibilities for precise tumor treat-
ments, with a growing number of nanomedicines under 
development and testing [172, 173]. Furthermore, the 
utilization of nanotechnology for mitochondrial target-
ing offers a more precise means of modulating cellular 
energy metabolism, thereby effectively intervening in dis-
ease progression [174]. Additionally, the design of nano-
medicines enables them to efficiently traverse biological 
barriers, such as the BBB. This capability opens up thera-
peutic possibilities for treating lesions that are typically 
inaccessible to conventional drugs [175, 176]. Moreover, 
the highly customizable nature of nanomedicines allows 

for the tailored adjustment of drug release rates and dos-
ages according to individual patient requirements. This 
personalization can potentially minimize side effects 
and enhance therapeutic outcomes [177]. However, the 
deployment of nanomedicines in targeting mitochon-
drial metabolism for cancer treatment presents several 
challenges.

Firstly, achieving specific targeting of cancer cell mito-
chondria while sparing normal cells presents a significant 
challenge due to the ubiquitous presence of mitochon-
dria in all cell types. This necessitates the development of 
nanomedicines with precise targeting strategies, involv-
ing the creation of specific ligands that exploit unique 
mitochondrial surface proteins or metabolic signatures 
exclusive to tumor cells [178, 179]. Future research is set 
to focus on designing nanomedicines responsive to dis-
tinct tumor microenvironment characteristics, such as 
altered pH levels, reductive states, or enzymatic activities 

Fig. 8 Mechanisms of nanomedicine and HYL001 in enhancing cancer therapy by inhibiting mitochondrial glutamine metabolism. MlipRIR, through 
the release of R162, disrupts this metabolism via GDH1, leading to increased ROS and redox imbalance, which induces tumor cell apoptosis and im-
munogenic cell death (ICD), thereby augmenting anti-tumor immunity. Simultaneously, IR780 incorporated in MlipRIR generates high ROS levels under 
ultrasound stimulation, resulting in GSH depletion and GPx inactivation, and ultimately causing severe tumor cell ferroptosis. HYL001, by targeting GLS, 
similarly impedes glutamine metabolism
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Table 3 Mechanisms of nanomedicines to enhance cancer therapy by targeting mitochondrial FAO, glutamine metabolism and Ca2+ 
overload
Type Composition Mechanisms Effects Outcomes Ref.
RhNPs PVP, RhCl3 Block β-oxidation ↓ATP, ↓ADP, ↓NAD+,

↑free fatty acids
Kill cancer cells [157]

2-DG/aV-siCPT1C NC 2-DG, aV, siCPT1C Suppress FAO ↓Glycolysis, ↓FAO,
↓angiogenesis

Inhibit tumor growth [158]

LNPs C18-pArg8-ss-pHis10,
PD-L1 siRNA, Ato

Activate AMPK,
suppress FAO

↑ROS, ↑FAO,
↓triglyceride 
synthesis

Kill cancer cells, inhibit tumor 
growth, reprogram TME

[159]

Ato/CQ@L Ato, CQ Inhibit autophagy,
upregulate CPT1

↑ROS, ↑CPT1, ↑FAO Kill cancer cells [160]

TAMet@MS TA, Met, HAuNS, PLGA Activate FAO,
activate AMPK

↑Effector T cell, ↑FAO Enhance the differentiation and 
survival of memory CD8 + T cell

[161]

MLipRIR NPs R162, IR780 Disrupt glutaminolysis pathway, 
downregulate GPx activity

↑ROS, ↓GSH Kill cancer cells,
activate antitumor immunity

[165]

HYL001 LND Inhibit GLS,
disrupt Gln metabolism

↑Mitochondrial stress Tumor inhibition [166]

CaNMCUR+CDDP CDDP, CUR, CaCO3 Inhibit Ca2+efflux,
destruct mitochondria

↑Ca2+ Tumor inhibition [169]

ABT@Lip/Dox@Fe-TA Lip, DPPC, DSPC, DSPE-
PEG2k-NH2, Dox, NaOH

Mitochondrial Ca2+overload ↑ROS, ↑Ca2+ Mitochondrial dysfunction, 
tumor inhibition

[170]

DPGC/OI CP, DSPE, PEG,
DPG, IR780, Obatoclax

Mitochondrial Ca2+overload ↑ROS, ↑Ca2+ Enhance PDT,
inhibit cancer cell autophagy

[171]

Fig. 9 Enhancing cancer treatment efficacy through mitochondrial calcium overload mediated by nanomedicines. Nanomedicines including ABT@Lip/
Dox@Fe-TA, DPGC/OI, and CaNMCUR + CDDP induce mitochondrial calcium overload by facilitating the release of exogenous calcium ions, enhancing the 
transport of endogenous calcium ions from the endoplasmic reticulum to mitochondria, and inhibiting mitochondrial calcium ion efflux. This process 
leads to mitochondrial dysfunction, elevated ROS production, and the initiation of cell apoptosis, thereby effectively eradicating tumor cells
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prevalent in cancerous tissues. By utilizing differential 
expression of mitochondrial markers or the distinctive 
metabolic pathways in cancer cells compared to normal 
cells, these nanomedicines can be tailored for controlled 
release and targeted action [180–182]. Advances in this 
field require a comprehensive understanding of both 
tumor biology and the physicochemical properties of 
nanocarriers, aiming to create stimuli-responsive systems 
that maximize therapeutic efficacy and minimize off-tar-
get effects. This approach promises to revolutionize the 
treatment of multidrug-resistant cancers, ushering in a 
new era of precision oncology.

Secondly, although mitochondrial metabolism plays a 
crucial role in tumorigenesis and has potential as a thera-
peutic strategy for cancer, translating this into clinical 
practice remains challenging. Several compounds inhib-
iting mitochondrial metabolic enzymes, including eto-
moxir and BPTES, have demonstrated promising in vitro 
results [183, 184]. However, only a few of these com-
pounds are currently in the early stages of clinical trials. 
The limited progress in clinical translation can be attrib-
uted to cancer cells undergoing metabolic reprogram-
ming or metabolic coupling, allowing them to overcome 
nutrient-deprived environments and promote prolifera-
tion [7, 185]. Additionally, this adaptive capacity of can-
cer cells is further complicated by their inherent genetic 
and epigenetic variability [186, 187]. To counteract this, 
current research is focusing intensively on leveraging 
nanomedicines to interrupt and reprogram cancer cell 
metabolism and signaling pathways. The objective is to 
specifically target and dismantle the cellular mechanisms 
that confer drug resistance [8]. Furthermore, an emerg-
ing strategy involves the integration of nanomedicines 
with a spectrum of conventional and novel therapeutic 
modalities. This includes the combination of nanomedi-
cines with established treatments such as chemotherapy 
and targeted therapy, as well as immunotherapy. The 
rationale behind this multifaceted strategy is to not only 
enhance the overall therapeutic efficacy but also to pre-
emptively tackle the mechanisms that lead to drug resis-
tance. By orchestrating a coordinated attack on cancer 
cells from multiple fronts, this approach seeks to exploit 
the full potential of nanomedicines while simultaneously 
addressing the complex and dynamic nature of cancer 
cell resistance [82].

Thirdly, mitochondria consist of substructures includ-
ing OMM, IMM, IMS, and MM, each with distinct func-
tions, particularly in their membrane proteins. Designing 
nanocarriers that specifically target key metabolic points 
in mitochondria requires an in-depth understanding of 
the biological functions of these substructures. More-
over, the inherent complexity of mitochondria pres-
ents challenges in precisely elucidating the mechanisms 
of certain diseases involving mitochondrial processes, 

which hinders the application of nanomedicine for tar-
geted therapy [188]. A prime example is the role of the 
mitochondrial permeability transition pore complex 
(MPT) in the pathogenesis of cardiovascular diseases. 
MPT results from the activity of a supramolecular entity 
called the permeability transition pore complex (PTPC), 
which aggregates at the interface between the mitochon-
drial inner and outer membranes. However, the exact 
molecular composition of PTPC remains undetermined, 
and several other aspects of PTPC biology, including its 
potential connection with the F0F1 ATP synthase, are 
still subjects of intense debate [188, 189]. This complex-
ity underscores the need for continued research to better 
understand mitochondrial biology for the development of 
more effective mitochondria-targeted nanotherapeutics.

Fourthly, mitochondria engage in complex functional 
and material interactions with other cellular organelles 
such as the endoplasmic reticulum and the cytoskel-
eton [190–192]. There is a possibility that these organ-
elles might exhibit compensatory functions, potentially 
influencing the effectiveness of nanomedicines targeting 
mitochondrial metabolism. Solely targeting mitochon-
dria might not suffice to achieve the desired metabolic 
regulatory effects. Therefore, a significant challenge 
lies in achieving coordinated targeting of multiple cel-
lular components. This necessitates a comprehensive 
understanding of the intricate cellular network and the 
interplay between various organelles. Developing nano-
medicines that can simultaneously target multiple cel-
lular sites requires not only precision in design but also 
a deeper insight into the cellular mechanisms governing 
disease pathology. Addressing this issue is critical for 
enhancing the efficacy of nanomedicine-based therapies, 
ensuring that they can effectively modulate complex met-
abolic pathways within the cellular environment.

Lastly, the development of nanomaterials with 
enhanced safety profiles is crucial in addressing the 
challenges of unknown long-term toxicity and immune 
responses associated with nanomedicines. Given the 
unique interactions of nanoscale materials within bio-
logical systems, comprehensive evaluations of biocom-
patibility, toxicity, and immunogenicity are essential. It 
is important to design biodegradable and non-immu-
nogenic nanomaterials that naturally decompose after 
their therapeutic action, thereby reducing the risks of 
prolonged toxicity. Such materials are tailored to ensure 
their degradation products are harmless and can be effec-
tively metabolized or excreted. Moreover, understanding 
the immune system’s interaction with these nanomate-
rials is critical, as it significantly impacts both the effec-
tiveness and potential adverse effects of the therapy. 
This direction in nanomaterial development aims to 
harness the benefits of nanomedicine in clinical applica-
tions while mitigating safety concerns, thereby striking a 
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balance between therapeutic efficiency and patient safety 
[193, 194].

Conclusions
In summary, mitochondria are central to cellular energy 
processes, and their dysfunction is closely associated 
with cancer development and treatment outcomes. The 
focus on using multifunctional nanosystems to target 
mitochondrial metabolism in tumor cells represents a 
promising approach in cancer therapy. This innovative 
direction exploits the specific metabolic vulnerabilities of 
cancer cells, potentially leading to more effective and tar-
geted treatments. Advances in nanomedicine targeting 
mitochondrial pathways may revolutionize cancer ther-
apy and have implications for managing other diseases 
characterized by mitochondrial dysregulation.
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