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This review aims to provide a comprehensive analysis of the potential of mitochondria-targeting nano-
systems as a novel therapeutic approach for treating a wide range of diseases. It explores the underlying
mechanisms of mitochondrial dysfunction in disease progression and shows how nanotechnology offers
an innovative platform for delivering targeted therapies directly to mitochondria. We also highlight the
role of mitochondria in cellular function and disease pathology particularly in cancer, followed by a con-
sideration of the therapeutic potential of targeting these organelles. We explore the recent development
and design principles of mitochondria-targeting nanosystems, assessing their applications and challenges
and finally outline future research directions, emphasizing the importance of overcoming current limit-
ations to expand the use of these nanosystems in medicine. This is intended to provide valuable insights
into the promising connection of mitochondrial biology and nanotechnology, with the goal of advancing
innovative treatments for various diseases.

1. Introduction

Mitochondria are complex organelles that play a crucial role in
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“cell powerhouses” and are responsible for generating the
majority of cellular ATP through oxidative phosphorylation.
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symbiosis, a prokaryotic organism established a symbiotic
relationship within a eukaryotic cell, eventually evolving into
mitochondrion. Both mitochondria and prokaryotes posses-
sing their own circular genome (mtDNA)," and their mem-
branes share the presence of structural phospholipid cardioli-
pin.> The word “mitochondrion” is derived from two Greek
terms: “mitos” and “chondrion” meaning “thread” and
“granule, respectively”.’ In 1952, advancements in high-resolu-
tion electron microscopy enabled scientists to observe the
detailed structure of mitochondria for the first time.*
Mitochondria function as highly efficient and adaptable bioe-
nergetic systems, powering biosynthesis in eukaryotic cells.”
Mitochondria harbour two distinct membranes, the outer
and inner membranes, and two functionally diverse compart-
ments, the intermembrane space and the matrix. The outer
membrane acts as a barrier and mediates transport, while the
inner membrane houses the electron transport chain (ETC)
and is highly convoluted to increase surface area for efficient
oxidative phosphorylation. The intermembrane space contains
enzymes involved in protein import and apoptosis signalling,
while the matrix contains the mitochondrial DNA and
enzymes for metabolism.® In addition, mitochondria interact
with other cell organelles, such as the endoplasmic reticulum,
via membrane contact sites. These sites mediate the exchange
of lipids, ions, and metabolites and regulate mitochondrial
dynamics, mtDNA replication, and quality control.”
Mitochondria display remarkable functional and compo-
sitional diversity even within an individual organism, despite
being derived from a common bacterial ancestor. As mitochon-
dria have lost most of their ancestral genome, many of these
genes were transferred to the nucleus. The vast majority (99%)
of the mitochondrial proteome in humans is encoded by the

Mr  Dinmukhamet  Bayandy
obtained his BSc degree in
Biochemical Engineering from
the University of Debrecen,
Hungary in 2023. He worked as
a research assistant at Paunov
Research Group the Nazarbayev
University in 2024 on Near
Infrared triggerable nano cap-
sules with antibiotic payload
release against persistent bio-
films. Currently, he is pursuing
an MSc degree in sustainable
food systems engineering at KU
Leuven University, Belgium. His research interests include mole-
cular biology, mitochondria, functionalized antimicrobial nano-
carriers, photoactive nanoparticles.

1/
Dinmukhamet Bayandy

Nanoscale

View Article Online

Nanoscale

nuclear genome. The small 16.6 kb mitochondrial genome
encodes only 13 proteins devoted to producing ATP via oxi-
dative phosphorylation.® During this process, NADH and
FADH?2 donate electrons, which fuel oxidative phosphorylation
(OXPHOS), ultimately producing ATP. This mechanism is
essential for maintaining cellular energy supply and overall
function.'®"!

Here, emerging nano-delivery systems for targeting mito-
chondria refers to the development of novel, ultra-small carrier
particles designed to transport therapeutic or diagnostic
agents directly to the mitochondria within cells. The core func-
tion of these nano-systems is to overcome biological barriers
and achieve precise subcellular delivery, thereby enabling the
direct treatment of mitochondrial dysfunction or the exploita-
tion of the organelle’s role in critical cellular processes like
apoptosis.

This review evaluates the latest approaches and develop-
ments in nanoparticles-based delivery of actives to mitochon-
dria for targeting a range of conditions. This is a new and
emerging area of interdisciplinary research that bridges
materials science with cancer research, nanotechnology,
pharmacology and molecular biology.

The review will also outline the newest ideas in nano-formu-
lations of commonly used mitochondria targeting drugs which
boost their efficacy. The review will benefit a wide range of
researchers working on novel biomaterials and biomedical
applications, bio-nanotechnology, anticancer and anti-aging
research, and improved chemotherapies.

Mitochondrial dysfunction is implicated in a wide range of
diseases, including neurodegenerative disorders, cardio-
vascular diseases, metabolic disorders, and cancer. Apart from
their energy production function, mitochondria play crucial
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roles as key regulators of cellular metabolism, programmed
cell death (apoptosis), and reactive oxygen species (ROS) pro-
duction, all of which can be effectively “hijacked” by cancer
cells to support their growth and survival.® In eukaryotic cells,
mitochondria generate energy by oxidizing nutrients through
metabolic pathways such as glycolysis, the tricarboxylic acid
(TCA) cycle, and fatty acid p-oxidation.

Tumour cells frequently alter these processes to maximize
their survival and enhance their resistance to the treatment.
Dysregulation of mitochondria significantly contributes to
tumour development, cancer cell anabolism, uncontrolled
replication, resistance to anticancer treatments, and apoptosis
avoidance. Under normoxic conditions, most cells generate
energy primarily through mitochondrial oxidative phosphoryl-
ation. Cancer cells, however, often reprogram their metabolism
toward increased glycolysis, even when oxygen is sufficient in
order to support rapid biomass production. This metabolic
shift is known as the Warburg effect.'> Otto Warburg’s
research highlighted that cancer cells exhibit increased lactate
production and a glycolytic shift even in the presence of
oxygen, a process termed “aerobic glycolysis”. He suggested
that all cancer cells have impaired respiration, potentially due
to oxygen deficiency, which he believed was a key factor in
cancer development.’*'? Subsequent research on growth
factors in oncogenesis showed that targeting both glycolysis
and mitochondrial metabolism is crucial for halting tumour
progression.'> Mitochondrial glycolysis and fatty acid oxi-
dation supply the ATP necessary for tumour cell survival, while
OXPHOS supports cancer cell invasion and metastasis.
Increased mitochondrial energy metabolism also boosts ROS
production, activating protein tyrosine kinases and stimulating
metastasis."® As cancer cells proliferate uncontrollably, they
often adapt mitochondrial functions and to meet their increas-
ing demands for energy and biosynthetic precursors. During
this metabolic reprogramming, they shift energy production
from OXPHOS toward glycolysis, leading to extensive glucose
consumption. Glucose is rapidly converted to pyruvate and
subsequently to lactate, which is released into the cytosol and
contributes to extracellular acidification. This acidic environ-
ment limits oxygen availability, disrupting its transfer and
causing a breakdown of the mitochondrial electron transport
chain (ETC), wultimately leading to decreased ATP
production."™® This is known as metabolic reprogramming,
resistance to cell death, and adaptation to environmental stres-
sors like hypoxia and nutrient deprivation. Moreover, cancer
cells tend to have a more hyperpolarized mitochondrial mem-
brane potential (¥p,) than normal cells (220 mV vs.
—140 mV), and this effect becomes even more pronounced in
more aggressive tumors.”””'® In some cases, they can have
nearly double value of the ¥; than that of healthy cells as
shown in Neu4145 cancer cells where ¥ reached around
—210 mV. This highlighting a key difference in their metab-
olism and energy dynamics."®° In cancer cells, the balance
between ROS and antioxidant systems is often disrupted,
leading to increased oxidative stress or, in some cases,
enhanced antioxidant capacity to support tumour survival.

This journal is © The Royal Society of Chemistry 2025
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Elevated levels of mitochondria-derived ROS in cancer cells
enhance tumour-promoting traits and drive genetic mutations,
facilitating metastasis. To counteract this, cancer cells often
upregulate antioxidant defences, such as glutathione and
superoxide dismutase, allowing them to adapt to hostile con-
ditions and evade oxidative stress-induced apoptosis. This
altered redox homeostasis plays a crucial role in cancer devel-
opment, metastasis, and treatment resistance.*"*> Moreover,
mitochondrial dynamics, the balance between fission and
fusion, play a particularly important role in cancer. A shift
towards mitochondrial fission is characteristic to many cancer
cells and is associated with increased metabolic flexibility and
resistance to therapy. This adaptability helps the cells main-
tain energy production under stress conditions such as
hypoxia, nutrient deprivation or chemotherapy. By interfering
with mitochondrial dynamics, treatments can directly weaken
the cancer cells’ ability to survive under adverse conditions.

2. Discussion

2.1 Mitochondria as attractive targets in cancer and other
therapies

Mitochondrial dysfunction is a key driver of cellular damage
and disease progression. In cancer, mitochondria can become
highly efficient, allowing cancer cells to survive and grow even
in harsh conditions like hypoxia (e.g. in a hypoxic core)** while
in neurodegenerative diseases like Alzheimer’s or Parkinson’s,
damaged mitochondria contribute to cell death, accelerating
disease symptoms.>* In heart diseases, improper mitochon-
drial function can lead to poor energy production and
increased oxidative stress, weakening heart muscle cells.?®
Since mitochondria are at the heart of these processes, target-
ing them directly can be a powerful way to not only manage
symptoms but also to intervene in the disease process itself.

By targeting mitochondrial pathways, it is possible to selec-
tively induce cell death in these cells. Therapies aimed at
restoring normal mitochondrial function can potentially ame-
liorate these conditions. Targeting mitochondrial ROS pro-
duction or enhancing mitochondrial antioxidant defences can
help mitigate oxidative stress-related damage in various
diseases."

Mitochondria are an attractive target for therapy due to
their central role in numerous physiological and pathological
processes, mainly maintaining cellular energy homeostasis,
regulating apoptosis, and influencing metabolic and signalling
pathways.?® Because of this and several other unique character-
istics of this organelle, they are particularly compelling in
therapeutic development. These cellular structures have
unique features that can be specifically targeted without
affecting the rest of the cell, allowing for the development of
therapies with potentially fewer side effects.

Mitochondrial DNA (mtDNA) is highly prone to mutations®’
which may contribute to multiple diseases and other con-
ditions, from rare mitochondrial diseases to common con-
ditions like cancer and aging.”® Therapies targeting mtDNA or
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its replication and repair mechanisms hold promise for treat-
ing such diseases at their genetic root. Moreover, mitochon-
dria are key regulators of apoptosis. They mediate intrinsic
apoptotic pathway via releasing cytochrome c as well as other
pro-apoptotic factors, which further activate downstream
effector caspases. Drugs with mitochondria targeting pro-
perties can have dual effect on apoptosis, they can induce it,
which is essential for targeting cancer cells programmed to
avoid apoptosis®® or, contrary, inhibit mitochondria-induced
cell death in certain neurodegenerative or ischemic conditions
when excessive apoptosis is a problem.*°

Mitochondria are also a significant source of ROS that are
mediators of oxidative stress and important signalling mole-
cules. Elevated mitochondrial ROS levels contribute to cellular
damage in neurodegenerative and cardiovascular disorders
and aging. Similarly, to apoptosis targeting mitochondrial ROS
might go both ways. Direct suppression or quenching of ROS
can mitigate oxidative stress but alternatively, exacerbation of
oxidative stress can induce significant cytotoxic stress and kill
ROS-vulnerable cancer cells.®**3? In addition, mitochondria
regulate intracellular calcium homeostasis and signalling, pro-
cesses vital for metabolism, muscle contraction, and neural
function. Dysregulated mitochondrial calcium handling is an
attractive therapeutic target for cardiac and neurodegenerative
diseases.

Mitochondrial metabolism is highly plastic, transitioning
between catabolic oxidative burners and anabolic modes to
support growth and repair. This metabolic plasticity is linked
to structural plasticity, with changes in mitochondrial shape
and distribution resulting from the combined actions of the
mitochondrial division, fusion, and motility machines.’
Mitochondrial dynamics refers to the changing processes of
fission, fusion, mitophagy, and transport that are critical for
maintaining mitochondrial and cellular health and by chan-
ging; they allow adapting to different cellular stresses and
metabolic needs. Fragmented mitochondria are linked to
increased energy demands, cell proliferation, and apoptosis,
while fused mitochondria support metabolic efficiency and
cell differentiation. Mitophagy, in contrast, selectively removes
damaged mitochondria through autophagy. Mitochondrial
transport is facilitated by motor proteins like kinesin and
dynein that bind to the organelle via adaptor proteins.’
Balanced mitochondrial dynamic is essential for numerous
cellular processes such as immune cell function, cell cycle pro-
gression, and cellular senescence, hence an imbalance in
mitochondrial dynamics can disrupt mitochondrial function
and lead to cancer progression, neurodegeneration, metabolic
complications and range of other diseases. Drugs targeting
these processes in mitochondria can restore mitochondrial
quality control, thereby improving cellular function and resili-
ence. Various pharmacological and genetic approaches have
been explored to target mitochondrial dynamics for thera-
peutic benefit. Fission inhibitors like Mdivi-1, P110, and
Dynasore or compounds that promote fusion, such as melato-
nin and paeonol, have also demonstrated therapeutic
potential. >*3°
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Finally, mitochondria’s role in inflammation and immune
signalling has also an important therapeutic relevance.
Dysfunctional mitochondria drive chronic inflammation in
autoimmune diseases, sepsis, and metabolic syndromes as
they release damage-associated molecular patterns (DAMPs)
and activate inflammasomes. Drugs targeting of these aspects
of mitochondrial activity can help control inflammatory
responses and promote tissue repair.

2.2 Subcellular-targeted nanocarrier drug delivery

The drug nanocarriers systems have been considered as a
“magic bullet” concept of developing drugs that can selectively
and efficiently reach their intended cellular targets.*® This
approach has paved the way for a development of targeted
therapies using variety of therapeutic compounds.
Nanotechnology brings new possibilities for implementation
of this concept by designing nanocarrier systems that can
deliver targeted drugs with high organelle-level precision.’”
The drug delivery nanosystems are exceptionally small, often
well under 100 nm and can be engineered to transport thera-
peutic agents, including drugs, proteins, or oligonucleotides,
directly to targeted locations within the body, including
specific cells and subcellular organelles (see Scheme 1A).

Nanosystems have unique properties, like enhanced per-
meability and retention (EPR) effect and can accumulate effec-
tively in target tissues, such as tumours. This targeted accumu-
lation enhances treatment precision and reduces side effects
commonly associated with more widespread drug distribution,
maximizing the therapeutic potential while minimizing sys-
temic exposure and toxicity. To target cancer cells, nano-
particles must overcome multiple biological barriers, including
cell membranes and the mitochondrial membrane itself. Since
mitochondrial dysfunction varies between diseases, these
systems can be fine-tuned for specific conditions, such as
selectively killing cancer cells, rejuvenating mitochondria in
degenerative diseases or delivering mitochondrial genes in
mitochondrial diseases therapies and improving mitochon-
drial function post ischemic stroke.>*~*°

In the case of mitochondria-targeting nanosystems, these
particles are engineered to find and interact specifically with
this organelle, delivering their therapeutic “payload” precisely
where it’s needed. Mitochondria-targeting nanosystems are
carefully designed to recognize and enter mitochondria them-
selves.”’ This is often mediated by mitochondria-penetrating
peptides, which naturally seek out and bind to mitochondria
or other targeting molecules that “guide” the nanoparticles to
their destination. Once inside, the nanosystems can deliver
drugs, antioxidants, or genetic materials in order to: (i) restore
mitochondrial function by repairing damaged mitochondria,
or (ii) induce cell death for example in cancer cells by disrupt-
ing their mitochondrial energy production, or (iii) to reduce
oxidative stress by delivering antioxidants that neutralize
harmful ROS inside the mitochondria.* In cancer, drug nano-
delivery systems can deliver chemotherapy drugs to the mito-
chondria of tumour cells where can trigger cancer cell death
more effectively.**™*> The versatility of nanosystems allows

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (A) Types of nanocarriers for targeting mitochondria.'>* Adapted and reprinted with permission from ref. 153; copyright 2021 Elsevier.

(B)—(E) Typical mitochondria targeting ligands.

loading them with different types of therapeutics, from small
molecules to large proteins or even gene-editing tools.
Regulatory hurdles and a long development timeline are sig-
nificant challenges. Other targeted cancer therapies, like anti-
body-drug conjugates or CAR-T cell therapies, have recently
seen significant success and investment, potentially drawing
resources away from nanoparticle approaches. Manufacturing
challenges include producing consistent, high-quality nano-
particles at scale for clinical use, which can be technically chal-
lenging and expensive. Designing nanodelivery systems with a
long enough shelf-life once loaded with the therapeutic agent
also represents a major challenge. Developing novel nano-
particle therapies requires significant financial investment,
and concerns about long-term safety data may have led
to cautious backing until more robust preclinical data is
available. Some mitochondria-targeting approaches may be
more effective for specific cancer types, narrowing the focus
and potentially slowing broader clinical development.*®
Combination therapies may also be explored, which can take
longer to develop and move into clinical trials. While still in
the early stages of development, mitochondria-targeting nano-

This journal is © The Royal Society of Chemistry 2025

systems hold enormous potential.*” They offer a new way to
treat a wide range of diseases where mitochondria play a criti-
cal role.

2.3 Design strategies for mitochondria targeting
nanosystems

Research in nanomedicine has predominantly centred on the
creation of novel nanoparticle (NP) systems and the explora-
tion of their physicochemical characteristics in connection to
their biological behaviour and applications, especially in the
fields of cancer diagnosis and treatment.

The integration of nanotechnology with pharmacology and
physiology has driven the development of advanced drug deliv-
ery systems that harness the interplay between these disci-
plines. A significant advancement in this field is the emer-
gence of “smart nanoparticles (NPs)”, which represent a prom-
ising alternative to conventional nanoparticles for cancer
therapy. The nanocarriers structure gives a range of tuneable
physico-chemical properties, e.g. very high surface areas,
specific surface charge, increased mechanical strength, and
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unique morphology.'*®
bind with a target to induce the therapeutic effect,
a carrier for other therapeutic agents which can physically or
chemically interact with the target."'*'" A range of natural
nanomaterials, as blood constituents''” and viral capsids''®
can be used as well as synthetic NPs (Scheme 1A). Both can be
surface-functionalized to achieve targeted delivery or protec-
tion of the therapeutic agent from external physiological con-
ditions as low pH environment,"*® or improve their encapsula-
tion efficiency and prevent undesired targeting or inacti-
vation.'*® Stimuli responsive NPs can also allow encapsulated
therapeutic agents to be released when specific conditions are
present, including saline-sensitivity, thermo-sensitivity, or
light-sensitively.'*® The use of nanotechnology can lead to
increase the efficacy of antibiotics which may to extend their
functional lifespan and to counter antimicrobial resistance.
Smart NPs can also be engineered to respond to specific
stimuli, such as changes in pH, oxidative stress, or other phys-
iological triggers, enabling precise drug delivery to targeted
sites.**! Upon modification or activation by these factors,
smart NPs can efficiently accumulate at the desired location
and release their therapeutic payloads, creating a highly con-
trolled and effective treatment approach.'®>* These innovative
systems offer the unique ability to co-deliver therapeutic
agents and diagnostic reagents, significantly advancing the
field of theranostics. This dual functionality not only enhances
the precision of cancer therapy but also addresses challenges
such as multidrug resistance and off-target effects. By a combi-
nation of targeted drug delivery with diagnostic know-hows,
smart nanoparticles are revolutionizing cancer treatment, max-
imizing therapeutic efficacy while minimizing side effects.
Nanoparticles targeting mitochondria can enter cells
through different mechanisms, primarily (i) endocytosis or (ii)
direct membrane fusion. The pathway chosen depends on the
nanoparticle’s size, surface charge, and functionalization.
Most nanoparticles enter cells via clathrin- or caveolin-
mediated endocytosis, macropinocytosis, or lipid raft-
mediated uptake and once internalized, they are trafficked
through endosomes and lysosomes, which may degrade some
nanoparticles before they can even reach mitochondria. To
escape endosomal entrapment and removal, nanoparticles can
be designed with pH-sensitive or fusogenic peptides to facili-
tate endosomal escape. Direct membrane fusion entry of nano-

Nanoparticles can be used to directly
1 or act as

Table 1 Cellular uptake pathways of mitochondria-targeted nanoparticles
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particles applies to cationic liposomes, dendrimers, and other
positively charged nanoparticles, that can interact with nega-
tively charged cell membranes, leading to direct fusion and
cytoplasmic release. This method bypasses lysosomal degra-
dation, which allows more efficient mitochondrial targeting
(see Scheme 1A and Table 1). Mitochondria can be effectively
targeted by nanoformulations through the strategic design of
nanoparticles that exploit the unique characteristics of mito-
chondria. Mitochondria-Targeting Nanosystems (MTNS) have
two general modes of action which are (i) passive and (ii)
active targeting.>® Passive targeting relies on the physico-
chemical properties of nanoparticles, such as size, shape, and
charge, lipophilicity to enhance their accumulation in mito-
chondria.** The examples are liposomes, polymersomes and
polymeric micelles. These nanocarriers use the natural cellular
uptake mechanisms to deliver drugs to mitochondria without
specific targeting ligands.>® Specifically, cationic nanoparticles
exploit the negative membrane potential of mitochondria,
allowing them to bind to and penetrate the mitochondrial
membrane.”®®” Passive targeting can be further upgraded to
enhance permeability and retention. The active targeting
involves the functionalization®® of NPs with specific mitochon-
drial-targeting moieties, such as lipophilic cations, peptides,
or other ligands that selectively bind to receptors or molecular
structures on the mitochondrial membrane (Table 2).

One of the active strategies to facilitate targeting mitochon-
dria is the functionalization with peptides known as mitochon-
drial translocation signals (MTS) derived from mitochondrial
precursor proteins. They can guide nanoparticles to mitochon-
dria after cytosolic release. Once in the cytoplasm, MTS-func-
tionalized nanoparticles are recognized by the translocase of
the outer/inner mitochondrial membrane (TOM/TIM) com-
plexes, enabling mitochondrial import. Other enhancing strat-
egies involve the use of targeting ligands such as triphenylpho-
sphonium (TPP)** and mitochondria-penetrating peptides
(MPPs)® which leverage the high negative membrane potential
of mitochondria to facilitate selective uptake. These ligands
are often attached to the surface of nanoparticles, allowing
them to specifically accumulate in mitochondria once inside
the cell (Scheme 1B-E). A notable advancement in mitochon-
drial targeting involves the development of modified PAMAM
dendrimers. Researchers engineered these dendrimers by con-
jugating them with varying amounts of triphenylphosphonium

Uptake mechanism Nanoparticle types Pros

Cons Mitochondrial targeting strategies

Efficient
internalization
Allows uptake of
large particles

Endocytosis (clathrin/
caveolae-mediated)
Macropinocytosis

Liposomes, polymeric
NPs, metallic NPs
Larger polymeric NPs,
dendrimers

Direct membrane fusion  Lipophilic NPs, TPP + Bypasses
-modified micelles endosomes/
lysosomes
Lipid raft-mediated Gold NPs, lipid-based Avoids lysosomal
uptake NPs degradation
Nanoscale

May lead to lysosomal Surface modifications (e.g., MTS,

degradation fusogenic peptides) for escape
Nonspecific, potential for Fusogenic peptides to escape vesicles
degradation

Requires optimization of
NP surface properties

Lipophilic cations (TPP+, rhodamine)
for direct mitochondrial localization

Limited by raft
composition

Functionalization with hydrophobic
ligands for raft interaction

This journal is © The Royal Society of Chemistry 2025
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Table 2 Types of ligands and the mechanism of targeting mitochondria
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Ligand type

Mechanism of mitochondrial
targeting

Advantages

Disadvantages

Triphenylphosphonium (TPP)+

Mitochondria-penetrating peptides
(MPPs)

Mitochondrial translocation

sequences (MTS)
Dequalinium (DQA)

Lipophilic cations (e.g., rhodamine

Exploits negative mitochondrial
membrane potential (A¥;,)

Amphiphilic peptides that cross
membranes via direct insertion

Recognized by mitochondrial import
machinery (TOM/TIM complexes)
Cationic ligand that localizes to
mitochondria due to electrostatic
interactions

Accumulate in mitochondria due to

High mitochondrial specificity,
widely used

High efficiency in bypassing
cellular and mitochondrial
membranes

Specific delivery to mitochondrial
matrix

Effective in targeting
mitochondria in cancer cells

Simple and effective

Can cause mitochondrial
toxicity in high doses
Peptide stability can be an
issue

Limited by the need for
cellular uptake first
Can accumulate in
lysosomes

Can induce oxidative

B, rhodamine 123)
mitochondria-targeted small
molecules (e.g., MitoQ, SkQ,)

membrane potential
Antioxidant-based targeting to
mitochondrial ROS sites

(TPP), resulting in gene delivery systems designated as G5-
TPP12, G5-TPP23, G5-TPP35, and G5-TPP99. These modified
dendrimers demonstrated enhanced transfection efficiency
compared to both unmodified versions and commercial
reagents. Among them, G5-TPP23 and G5-TPP35 exhibited low
cytotoxicity while achieving transfection levels comparable to
Lipofectamine 2000. Confocal microscopy confirmed effective
mitochondrial targeting of G5-TPP/DNA polyplexes, indicating
improved intracellular trafficking and endosomal escape
(Fig. 2).°" These strategies are frequently integrated with other
therapeutic approaches, such as photothermal therapy (PTT)
and photodynamic therapy (PDT), to enhance their precision
and efficacy.®® This synergistic approach not only improves the
specificity of the therapy but also amplifies its therapeutic
impact. By concentrating the effects of PTT and PDT within
mitochondria researchers can achieve more efficient tumour
cell destruction while sparing healthy tissues.

Another option is so called bio-responsive targeting. For
both primary and secondary mitochondrial diseases, trait
specific (such as cardiolipin oxidation or impaired mitochon-
drial DNA repair) formulations can be designed to release
therapeutic agents in response to intracellular signals/stimuli
that are present in the dysfunctional mitochondrial environ-
ment, such as: ROS,*"®” pH changes,®* redox imbalances (glu-
tathione (GSH),*>°® hypoxia®® and adenosine-5"-triphosphate
(ATP)).*® Such tumour cell responsive release of anticancer
drugs enhance therapeutic efficacies. For example, they can
induce ROS upon exposure to specific stimuli, such as light or
heat. The production of ROS further induces oxidative stress
within the targeted cells, leading to cellular damage and apop-
tosis, which is particularly effective in cancer treatment.
Furthermore, the ability to precisely control the ROS gene-
ration through external stimuli, such as laser irradiation,
allows for spatiotemporal regulation of the treatment, mini-
mizing off-target effects and enhancing overall therapeutic out-
comes. ROS-responsive linkers, for example, can undergo clea-
vage in the presence of high ROS levels, which are often elev-
ated in dysfunctional mitochondria associated with conditions
like cancer,”® neurodegenerative diseases,”" and cardiovascular
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stress
Limited clinical
translation so far

Combines drug and targeting
function

disorders.”> By incorporating these stimuli or bio-responsive
nanoformulations, controlled, on-demand release of drugs can
be achieved and currently, a wide net of materials and strat-
egies in designing nanosystems are employed.”® Tan et al.>®
designed pH-sensitive micelles (CTPP-CSOSA-Cela) that release
drugs in the alkaline environment of cancer cell mitochondria.
These micelles achieved over 80% tumour inhibition rate, out-
performing standard Celastrol (Cela) treatment. They released
the drug faster at pH 8 than at pH 5 or 7, preventing premature
leakage and ensuring targeted delivery to mitochondria. This
process also boosted ROS production, triggering oxidative
stress and cytochrome c release, which led to apoptosis.
Overall, the micelles improved drug effectiveness against
cancer cells.>® This innovative combination of active targeting
and mitochondrial localization represents a significant
advancement in the development of next-generation cancer
therapies as a Smart Nanocarriers platform. It offers high flexi-
bility based on materials’ tunability, relative biocompatibility,
and the possibility of controlled release in a few practical set-
tings. At the same time, the current understanding of the
internal nature of the mitochondria, and the changes observed
in mitochondrial dysfunction because of pathological
changes”™ opens several possibilities for mitochondria target-
ing nanosystems.

2.4 Targeting specific elements of mitochondria using
therapeutic agents delivered via nanosystems

Several approaches have been developed to target mitochon-
dria in cancer cells, aiming to disrupt their function and ulti-
mately kill the cancer cells. Fig. 1 show typical pathways
impacted by specific mitochondria targeting agents delivered
via nanoparticle systems, which involve (i) electron transport
chain, (ii) mitochondrial biogenesis, (iii) membrane potential,
(iv) calcium homeostasis, and (v) translation. Specific nanode-
livery systems for mitochondrial drugs presented in Fig. 1 are
discussed further in the review. Some therapies work by delib-
erately causing damage to mitochondria, thereby triggering
cell death pathways. For example, drugs that increase ROS pro-
duction within mitochondria can cause oxidative stress,
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leading to mitochondrial dysfunction and cell death.”> While
ROS are often detrimental to cells, cancer cells develop ways to
manage excessive oxidative stress. Targeting mitochondrial
antioxidants can disrupt this balance, either by overwhelming
the cell with ROS or by preventing cancer cells from neutraliz-
ing the ROS they generate, leading to cell death e.g. vitamin
C. Since cancer cells often rely heavily on mitochondrial
energy production, they can be more vulnerable to such strat-
egies than normal cells. Cancer cells usually alter their metab-
olism by switching between glycolysis and OXPHOS, depend-
ing on their energy needs and environmental conditions."
Drugs like metformin, traditionally used in diabetes treatment,
have been found to inhibit mitochondrial respiration, selec-
tively affecting cancer cells that rely on OXPHOS for survival.”®
Moreover, the significant electrical potential difference across
the mitochondrial membrane offers a pathway to selectively
deliver therapeutic agents to cancer cells. Positively charged
drugs, such as some chemotherapeutic agents, can accumulate
in mitochondria due to this membrane potential, leading to
enhanced drug delivery and increased toxicity to cancer cells.
As mitochondrial fission and fusion are critical for cancer cell
survival, targeting the proteins involved in these processes—
such as DRP1 (a key regulator of fission)—can disrupt mito-
chondrial homeostasis and push cancer cells toward cell death.

Nanoscale

Therapies that inhibit fission, for example, could limit the
flexibility cancer cells have to cope with treatment-induced
stress, making them more vulnerable to therapy.””"”®

As cancer cells evolve to resist conventional therapies like
chemotherapy, they often modify mitochondrial functions to
withstand treatment. Cancer cells often develop resistance to
treatment through several mechanisms that allow them to
evade the effects of chemotherapy, targeted therapy, immu-
notherapy, and even novel treatments like ferroptosis inducers.
These mechanisms are diverse and often involve genetic, epi-
genetic, metabolic, and environmental changes within the
tumour microenvironment. One of these is an avoidance of
apoptosis. Cancer cells can inhibit apoptosis by upregulating
the anti-apoptotic proteins such as Bcl-2 or Bel-xL which can
prevent the release of cytochrome c¢ from mitochondria, block-
ing the activation of caspases and apoptosis. This can induce
downregulation of pro-apoptotic proteins such as Bax and Bak,
which are crucial for mitochondrial outer membrane permea-
bilization (MOMP), can further make cancer cells resistant to
apoptosis.”® One of the most compelling reasons to focus on
mitochondria in cancer therapy is their role in drug resistance.
For example, mitochondrial fission has been linked to resis-
tance to chemotherapy drugs like cisplatin in ovarian cancer.
By targeting mitochondrial dynamics, it is possible to counter-

This journal is © The Royal Society of Chemistry 2025
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act these resistance mechanisms and make cancer cells more
susceptible to this treatment. The interest in targeting mito-
chondria to overcome drug resistance in cancer treatment has
grown significantly, as researchers have recognized their criti-
cal role across various cancer types. As tumours develop, mito-
chondria help maintain cellular balance and enable cells to
manage the stress caused by treatments. For instance, in
ovarian cancer, mitochondrial fission provides cisplatin-resist-
ant cells with an edge under low-oxygen conditions compared
to non-resistant ones. These adaptations in mitochondrial
function directly influence metabolism, ultimately contribut-
ing to drug resistance.’>®" Given their dynamic nature and
complexity, it’s becoming increasingly important to explore
new strategies and treatments aimed at targeting mitochondria
in cancer therapy. Moreover, mitochondrial metabolism is
often altered in drug-resistant cells, which may switch to
OXPHOS or glycolysis depending on the availability of nutri-
ents and oxygen. Inhibiting these metabolic pathways can
disrupt the cells’ energy supply and sensitize them to other
forms of therapy, such as radiotherapy or immunotherapy.

Analytical techniques that can clearly establish mitochon-
dria targeting assessment. The assessment of mitochondrial
targeting requires a multi-technique approach that confirms
both the subcellular localization and the accumulation of the
agent within the organelle. High-resolution imaging tech-
niques as confocal microscopy using co-localization studies
with fluorescent markers like MitoTracker™ can provide visual
evidence, with quantitative analysis of Pearson’s or Manders’
coefficients offering statistical validation of overlap with the
mitochondrial network.'” However, to confirm the localiz-
ation beyond membrane association, techniques with higher
spatial resolution are essential. For example, Stimulated
Emission Depletion (STED) super-resolution microscopy can
resolve mitochondrial substructures, such as cristae, providing
unprecedented detail on intramitochondrial distribution.*®®
The most direct method to assess the agent accumulation
involved isolation of intact mitochondria via differential cen-
trifugation after the treatment and quantitative measurement
of the agent concentration within the fraction. The latter is
done using HPLC or mass spectrometry, which confirms
actual uptake rather than mere membrane binding.'
Assessing the functional consequence on organellar bioener-
getics using a Seahorse XF Analyzer can also provide indirect
but complimentary evidence; an agent that targets and
accumulates in mitochondria could also directly modulate the
oxygen consumption rate (OCR).'®>'®® The integration of these
techniques, from qualitative imaging to quantitative biochemi-
cal isolation and functional analysis, provides a robust and
conclusive framework for establishing mitochondria-specific
targeting.

2.5 ROS scavengers

Shukla et al® investigated the application of single-walled
carbon nanotubes (SWCNTs) conjugated with cytochrome c
(Cyt C) as a nano-catalytic medicine designed to specifically
target mitochondria and alleviate oxidative stress. The

This journal is © The Royal Society of Chemistry 2025
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SWCNTs were functionalized with carboxyl groups (-COOH)
through acid treatment, enabling strong electrostatic inter-
actions with the positively charged lysine residues of Cyt
C. This non-covalent conjugation preserved the native struc-
ture and catalytic activity of Cyt C, enhancing its stability and
functionality within the cellular environment. Upon cellular
uptake via endocytosis, the Cyt C@cSWCNT complex localized
at mitochondria, where it released Cyt C influenced by pH,
ionic conditions, and thermal environment.

This strategic release allowed the nano-assembly to main-
tain mitochondrial membrane potential (A¥;,) and reduce
mitochondrial ROS generation. The conjugated SWCNTs facili-
tated Cyt C’s enzymatic activity, mimicking catalase and per-
oxidase functions in neutralizing ROS. The study demon-
strated that the SWCNTs provided a high surface area for Cyt C
loading, improved biocompatibility, and protected Cyt C from
rapid degradation, addressing a major limitation of Cyt C’s
short half-life in vivo. The sustained release from SWCNTSs sup-
ported ongoing ROS scavenging, enhanced mitochondrial
function, and offered significant protective effects against cel-
lular damage, highlighting the nanotube’s potential as a
robust and targeted nanocarrier for mitochondrial therapies
(Fig. 2A and B).

2.6 Calcium overload and ROS generation

In another study, manganese-doped hollow mesopores
Prussian Blue (MMPB) nanocarriers were employed in a syn-
thesis of the composite GOx@MMPB®@CaP-PEG nanoparticles
(GMCP), effectively inducing calcium overload in cancer cells
while synergizing three modes of reactive oxygen species (ROS)
generation.®>®® The calcification of cancer cells occurred as
the calcium phosphate (CaP)-coated mineralized layer dis-
solved in the acidic tumor microenvironment (TME), releasing
calcium ions (Ca**) and resulting in calcium overload. Once
the protective CaP shell dissolved, the exposed hollow meso-
porous MMPB decomposed into Fe**/Mn”*, facilitating a
Fenton/Fenton-like reaction. Additionally, glutathione (GSH)
was depleted by oxidized Fe*/Mn**, sustaining the Fenton/
Fenton-like reaction through a self-cycling mechanism. MMPB
also provided a significant amount of oxygen due to its cata-
lase-like catalytic ability, attributed to its unique organo-
metallic chemical structure. In well-oxygenated conditions, the
loaded glucose oxidase (GOx) efficiently converted glucose into
hydrogen peroxide (H,0,), which further promoted the Fenton
reaction. Concurrently, GOx inhibited the energy supply to
tumour cells, inducing cell starvation. Collectively, these
mechanisms formed a three-mode ROS generation strategy.
The inherent photothermal properties of MMPB, activated by
absorption of an 808 nm near-infrared (NIR) laser, not only
enabled localized warming but also enhanced the efficiency of
the catalytic reactions (Fig. 2C and D).

2.7 Mitochondrial membrane potential modulators
Mitochondria-targeting organic nanoparticles (DPP2 + NPs)**
achieved enhanced photodynamic and photothermal therapy

by utilizing a diketopyrrolopyrrole-based photosensitizer modi-
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Fig. 2 Mitochondria-targeting nanoparticles modulating oxidative stress. (A) Schematic representation of the design and mechanism of cytochrome

c—coated carbonized single-walled carbon nanotubes (cyt CRcSWCNT).82

(B) ROS-scavenging capability of cyt CRcSWCNT.®2 Reproduced from ref.

82 with permission; copyright 2022 John Wiley and Sons. (C) Illustration of hollow Prussian blue nanoparticles applied for combined photodynamic
and photothermal tumour therapy, accompanied by fluorescence microscopy images showing elevated ROS levels.®? (D) Concept of three-mode
ROS burst generation and assessment of the GMCP construct for “OH production under different H,O, concentrations.?® Reprinted with permission

from ref. 62 and 83; copyright 2024 Elsevier.

fied with two imidazole groups, which specifically directed the
nanoparticles to mitochondria.

This structural modification significantly increased cellular
uptake and mitochondrial localization, where DPP2+ NPs pro-
duced thermal energy and singlet oxygen under 635 nm laser
irradiation, reaching a photothermal conversion efficiency of
35%. In vitro tests showed that DPP2+ NPs induced a 90% inhi-
bition of cervical carcinoma cells (HeLa) at a 5 pM concen-
tration and 0.3 W cm™ laser intensity. The nanoparticles trig-
gered mitochondrial membrane depolarization, as evidenced
by JC-1 staining, leading to apoptosis. Confocal microscopy
confirmed their effective colocalization with mitochondrial
markers, demonstrating their precise targeting capability. In
vivo experiments involved the encapsulation of DPP2+ NPs in
F127 to form DPP2+@F127, enhancing their solubility and
stability in the bloodstream. Upon intravenous or intra-
tumoral administration in tumour-bearing mice, the nano-
particles raised the temperature of the tumour site by up to
15 °C under laser exposure, leading to significant tumour
regression. Histological analysis showed minimal side effects
on major organs, highlighting the nanoparticles’ biocompat-
ibility. This approach effectively maximizes the phototherapeu-

Nanoscale

tic effects of photothermal and photodynamic therapies by
leveraging the specific targeting of mitochondria within cancer
cells. (Fig. 3A)** An amphiphilic polymer system composed of
glycol chitosan (GC) and dequalinium (DQA) allowed the suc-
cessful formation of self-assembled nanoparticles for mito-
chondria-targeted drug delivery. In comparison to the free
drug, curcumin-loaded GC-DQA nanoparticles demonstrated
increased cytotoxicity in cancer cells, showing effective cellu-
lar uptake and mitochondrial accumulation. The selection
of DQA as the mitochondria-targeting moiety was particu-
larly significant due to both a mitochondria-targeting capa-
bility and facilitated nanoparticle self-assembly in aqueous
solutions because of its lipophilic component. This
approach effectively overcomes previous challenges in mito-
chondrial targeting using lipophilic cations, as they had low
stability at low temperatures and high salt concentrations
(Fig. 3B).*°

2.8 Nanosystems affecting electron transport chain (ETC)
complex and OXPHOS

Several modulators of the ETC have been explored as anti-
cancer agents due to their ability to disrupt mitochondrial

This journal is © The Royal Society of Chemistry 2025
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energy production, induce oxidative stress, or modulate
metabolic dependencies in cancer cells. Some have been
delivered as nanoformulations to improve their therapeutic
efficacy, stability, and targeted delivery.

Metformin is a well-known drug for diabetes type 2 and
complex I inhibitor of ETC. Recently, functionalized selenium
nanoparticles (SeNPs) loaded with metformin were developed
using different surface modifiers. Functionalization of SeNPs
with Tween 80 (TW80) showed most effective synergistic action
against breast cancer cells.

By initially depleting antioxidant selenoproteins in cancer
it elevates the oxidative stress, further causing DNA damage
and modulating other therapeutic pathways via combination
of cell cycle arrest the in the S phase through the upregulation
of key proteins, including p-ATM, p-ATR, and p38, while simul-
taneously activating the AMPK signalling pathway (Fig. 4A).”"
Another group loaded metformin to zein nanoparticles (ZNs)
and demonstrated improved antitumor activity against Ehrlich
carcinoma. Their optimized formulation (ZN8) showed stabi-
lity over three months while providing high entrapment
efficiency and small particle size. Improved anticancer effects
were observed In vivo when compared to conventional metfor-
min treatment through multiple molecular mechanisms such
as upregulating tumour suppressor gene P53 and miRNA-543,
while downregulating NF-kB and miRNA-191-5p.°*> Metformin
was also tested in the activated carbon nanoparticles com-
bined with ACNP-MET, to target hepatocellular cancer stem
cells (CSCs). This system proved efficient in the inhibition of
proliferation and self-renewal capacity of CD133+ CSC isolated

This journal is © The Royal Society of Chemistry 2025

from the Huh-7 hepatocellular cancer cell line. This
ACNP-MET system is promising in targeting the CSC (CD133+)
population rather than common cancer cells (CD133-). This
suggests a potential for preventing tumour relapse and meta-
stasis (Fig. 4B).”> A mitochondrial poison Rotenone, another
complex I ETC inhibitor was also loaded into liposome formu-
lated nanoparticles targeting mitochondria. This surfactant-
modified liposomes with a delocalized charge composed of
soy phosphatidylcholine (PC), cholesterol (Chol), and cationic
surfactants incorporating triphenylphosphonium (TPPB-n)
and imidazolium (IA-n(OH)) head groups were loaded with
Rotenone. Further liposome cationization significantly
enhanced their cellular uptake and mitochondrial targeting
capabilities. Compared to free rotenone treatment, this NPs
were effective in targeting pancreatic carcinoma (PANC-1) and
duodenal adenocarcinoma (HuTu 80) cells with significantly
increased cytotoxicity (Fig. 4C).>*

Wang et al.”®" used 3D human hepatic tumour cell culture
model to assess in vitro the efficacy of “active” metformin-
loaded nanoparticles (NPs) as anticancer therapeutics. The
metformin nanocarrier design was repurposed from previous
studies targeting bacterial and fungal biofilms with antimicro-
bials loaded in protease-coated nanoparticles. This approach
has been used before in active nanocarriers of antibiotics to
clear bacterial and fungal biofilms."*%"2%13?
carriers were constructed with shellac cores loaded with met-
formin as anticancer agent and featuring a surface coating of
the cationic protease lysozyme (Fig. 5A) which yields oval
shaped particles of size under 100 nm and positive zeta-

These active nano-
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potential (Fig. 5B and C). The lysozyme role as a nanocarrier
surface coating is to partially digest the extracellular matrix
(ECM) of the 3D tumour cell culture, which increases its poro-
sity and the nanocarrier penetration. Hep-G2 hepatic 3D clus-
teroids were formed using a water-in-water Pickering emul-
sion based on aqueous two-phase system (ATPS). The specific
metformin nano-formulation, comprising 0.2 wt% lysozyme-
coated, 0.2 wt% metformin-loaded 0.2 wt% shellac NPs steri-
cally stabilized by 0.25 wt% Poloxamer 407, demonstrated sig-
nificantly enhanced anticancer efficiency on 3D hepatic
tumour cell clusteroids. The authors examined the role of the
lysozyme surface functionality of the metformin nanocarriers
on their ability to kill both 2D and 3D hepatic tumour cell
cultures (Fig. 5D and E). The anticancer efficiency at high
metformin payloads was compared to this at high concen-
tration of nanocarriers at lower metformin payload. It was
discovered that the high metformin payload NPs were more
efficient than higher nanocarrier concentration at lower met-
formin payload.

This study demonstrated the ability of the nanoparticles to
degrade the ECM in 3D Hep-G2 cell culture (Fig. 5F-H) and
introduces a potentially reliable in vitro model for potential
targeting of solid tumours with smart nano-therapeutics, pre-
senting a viable alternative to animal testing for evaluating
anticancer nanotechnologies.'>!

Magnetic nanoparticles (silicated Fe;O0, (Fez04-Si0,-Qo))
functionalized with Coenzyme Q, (CoQ,) displayed increased
antiproliferative effects against multiple cancer cell lines.”

Nanoscale

CoQ, is a redox-active ubiquinone that accumulates in mito-
chondria.”® Previous studies have shown that CoQ, has many
biological effects on cancer cells, such as cell cycle arrest,
apoptosis, and anti-tumorigenic activity.”® The proposed
mechanism of action involves inhibiting mitochondrial respir-
atory complex I, preventing mitochondrial permeability tran-
sition pore opening, and induction of oxidative stress.’”°® At
the same time, these NPs still maintained relatively lower tox-
icity towards normal fibroblasts, being highly effective in apop-
tosis induction in breast cancer cells. The sensitivity of
different cancer cell lines to the treatment varied, with cervical
cancer cells requiring higher concentrations (ICs, ~ 500 uM)
compared to other cancer types. These findings indicate the
potential of CoQ,-functionalised magnetic nanoparticles as a
promising therapeutic approach for cancer treatment. The
main reason for that is their selective cytotoxicity towards
cancer cells and their ability to target mitochondrial
function®

The drug phenformin, a biguanide antidiabetic drug and
more potent complex I inhibitor, can also eliminate cancer
stem cells; however, it is considered cytotoxic to normal cells.
When loaded into micelles via self-assembly using a mixture
of a diblock copolymer of PEG- and urea- functionalized poly-
carbonate and a diblock copolymer of PEG and acid-functiona-
lized polycarbonate through hydrogen bonding, it was not
cytotoxic towards non-cancerous cells. Within 96 h the phen-
formin loaded micelles released over 90% of the payload.
Treatment of the H460 human lung cancer cell line with free

This journal is © The Royal Society of Chemistry 2025
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phenformin and micelles loaded with phenformin showed
higher effectiveness of micelles the free in inhibiting the
growth of cancer cells. Moreover, they showed greater efficacy
in in vivo human lung cancer mouse model reducing tumour
cells population in the tumour tissues without liver damage, a
known side-effect of phenformin when used in clinical set-
tings.' Phenformin was also loaded to graphene-based drug
nanocarriers, PEGylated graphene nanosheets (PGNS) and oxi-
dized graphene GO. Using covalent PEGylation, PE-CVD gra-
phene sheets can be modified to overcome its hydrophobicity
and provide better colloidal stability in the presence of the
metabolic drug phenformin. Furthermore, phenformin
adsorption capacity was increased in the PEG-functionalized
graphene compared to GO because of the higher pi- and PEG-
mediated interaction possibilities. pH-responsive phenformin
release was enhanced in PGNS showing that it might be a
better carrier than oxidized graphene for phenformin
delivery.'”!

2.9 Drugs targeting mitochondrial translation

Cholesterol-based chimeric nanoparticles that target mito-
chondria (mt-CNPs) has shown great promise for cancer treat-
ment.®® These nanoparticles were used to incorporate and
deliver cisplatin, camptothecin, and tigecycline to target mito-
chondrial transcriptional and translational machinery. As fast
as six hours post administration, Mt-CNPs showed effective
mitochondrial localization, along with alterations in mito-
chondrial morphology and elevated ROS production. The
therapeutic efficacy of mt-CNPs was evaluated across multiple
cancer cell lines, including lung adenocarcinoma, cervical car-

This journal is © The Royal Society of Chemistry 2025

cinoma, and breast cancer cell lines, where enhanced cancer
cell death was observed compared to free-drug combinations.
This advanced therapeutic effect can be due to the simul-
taneous targeting of multiple mitochondrial functions,
suggesting mt-CNPs as a promising platform for targeted
cancer therapy.®®

2.10 Drugs enhancing mitochondrial biogenesis

Several drugs and bioactive compounds that promote mito-
chondrial biogenesis have been successfully incorporated into
nanotechnology-based delivery systems, which improve stabi-
lity, bioavailability, and targeted delivery.

Preclinical research has demonstrated that several com-
pounds with mitochondrial-protective properties—such as the
antioxidants coenzyme Q10 and glutathione, the mitochon-
drial permeability transition pore (mPTP) inhibitor cyclosporin
A, the SIRT1 activator resveratrol, and the iron-chelating agent
deferoxamine—can help prevent the onset and progression of
certain diseases like CVD and cancer by preserving mitochon-
drial structure and function.’” Resveratrol, Coenzyme Qi
(CoQ,p), mitochondrial-targeted antioxidants (e.g., MitoQ,
SkQ,) and others inhibit cancer initiation and progression via
direct or indirect enhancement of mitochondrial biogenesis in
tissues such as liver, muscle, and blood vessels. This increase
in mitochondrial content may reduce ROS production by dis-
tributing electron flow across more mitochondria. Resveratrol,
a non-flavonoid polyphenol found in various plants and foods,
has gained attention for its anticancer and health-promoting
effects. These effects are largely mediated through SIRT1- and
nitric oxide-dependent pathways.®® Despite its promising anti-
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cancer properties, resveratrol’s clinical utility is limited by
poor solubility, rapid metabolism, and low bioavailability.®°
Various antioxidant nanoformulations-including liposomes,
cyclodextrins, and polymeric nanoparticles—have shown
enhanced therapeutic efficacy. For example, folic acid-conju-
gated resveratrol-loaded HSA nanoparticles improve tumour
accumulation, while liposomal forms enhance brain cancer
cytotoxicity and skin penetration. These systems act via mito-
chondrial apoptosis, ROS generation, and cell cycle arrest.
Notably, mitochondrial-targeted formulations, such as those
modified with dequalinium-PEG conjugates, help overcome
drug resistance. Most formulations show low toxicity in
normal cells, with selective effects in cancer models.
Sustained-release systems like PLGA nanoparticles further
boost resveratrol’s therapeutic potential, underscoring the
value of nanocarriers in advancing its application in
oncology.”

2.11 One drug, multiple paths: the way different nano-
delivery strategies change the game

Doxorubicin (DOX) is an FDA approved chemotherapeutic
drug used to treat various cancers, including solid tumours
and haematological malignancies. However, its use is limited
by severe side effects and the development of drug resistance
in the cancer cells. DOX enters cells via passive diffusion and
interacts with DNA in multiple ways, leading to DNA damage
and disruption of DNA repair. It can induce the production of
free radicals and ROS, causing oxidative stress and various cel-
lular damage including DNA damage.'®>'%* One key mecha-
nism of DOX action involves the quinone structure of DOX,
which can be oxidized by mitochondrial complexes (complex I
and NADPH-Oxidases) to form a semiquinone radical. This
semiquinone radical then reacts with oxygen to produce super-
oxide anions, which can further generate other ROS like hydro-
gen peroxide, peroxynitrite, and hydroxyl radicals. The cycling
of the quinone-semiquinone forms enables DOX to produce
these ROS continuously.’®>'%* DOX also affects iron metab-
olism by interacting with Iron Regulatory Proteins (IRPs) and
ferritin, leading to the release of free iron. This free iron can
then participate in Fenton reactions, generating more ROS and
contributing to cell damage and death. The topoisomerase II
enzyme involved in DNA replication can also produce ROS
upon DOX administration.'®>'°® Furthermore, DOX disrupts
calcium homeostasis by inhibiting calcium-conducting
enzymes like the Adenosine Nucleotide Translocase (ANT).
This leads to increased mitochondrial permeability, calcium
imbalance, and further ROS generation, which can impair
muscle function and contribute to cardiotoxicity.'%

Various cell death pathways are induced by DOX, such as
apoptosis, autophagy, senescence, and necrosis. The specific
pathways activated depend on cancer type, patient genotype,
and the DOX dose. Despite DOX’s efficacy, cancer cells can
develop resistance utilising number of mechanisms. This can
activate signalling pathways such as PI3K/Akt and MAPK/ERK
which help cancer cells to overcome cell cycle checkpoints that
further promote cell cycle progression, activate replication and
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prevent apoptosis and autophagic cell death. These pathways
are often dysregulated in cancer cells.

Overexpression and upregulation of ATP-binding cassette
(ABC) membrane transporters, such as P-glycoprotein (MDR1),
multidrug resistance proteins (MRPs), and breast cancer resis-
tance protein (BCRP), can lead to increased efflux of DOX from
the cell, reducing its intracellular concentration and efficacy.
The MDR1, MRP1, MRP2, MRP3, MRP5, MRP6, and BCRP all
contribute to DOX resistance in various cancer types. However,
the precise molecular mechanisms by which they transport
drugs and how to effectively inhibit their function remain
areas of ongoing research. They discovered that the natural
product glycyrrhetinic acid (GA) is an effective mitochondria-
targeting ligand. They functionalized graphene oxide (GO)
with GA (GA-GO) to create a nanomaterial that can specifically
deliver DOX to mitochondria. To avoid the problem of che-
moresistance to the DOX, Zhang et al'®” have developed a
nanomaterial that targets mitochondria. This nanomaterial
demonstrated enhanced apoptosis induction and anti-cancer
efficacy compared to non-GA-functionalized nanocarriers and
free doxorubicin. In vivo studies confirmed the ability of
GA-GO@DOX to disrupt the Bax/Bcl-2 balance, activate cas-
pases, and induce mitochondria-mediated apoptosis in
tumour tissue. The GA-GO@DOX also showed improved
tumour accumulation and lower toxicity, suggesting it could
be a useful tool for targeted drug delivery to mitochondria for
cancer treatment (Fig. 6A). Buondonno et al.'°® utilized chemi-
cally modified doxorubicin (mtDox) with a mitochondrial
tropism against Dox-sensitive and Dox-resistant osteosarcoma
cells. Osteosarcoma is an aggressive bone cancer with a poor
prognosis, especially in cases where the cancer becomes resist-
ant to the standard chemotherapy drug doxorubicin.
Resistance often arises due to overexpression of the drug efflux
transporter P-glycoprotein (Pgp), which pumps Dox out of the
cancer cells. The modified mtDox is selectively delivered into
the mitochondria due to the conjugation of the anthracycline
moiety with a peptide containing cationic and hydrophobic
residues that deliver cargoes into mitochondria (Fig. 6B and
C). This limits the availability of Dox for the P-glycoprotein
(Pgp) on the plasma membrane, reducing the efflux of the
drug from tumour cells. Yang et al.'® designed a dual-target-
ing system combining mitochondria-penetrating peptide-
modified doxorubicin (MPP-Dox) loaded N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer conjugates (PM) with
nucleus-targeting HPMA copolymer Dox conjugates (PN). This
innovative approach (PMN) achieved better efficiency in both;
tumour growth suppression and metastasis inhibition by sim-
ultaneously targeting nuclear and mitochondrial functions.

Such efficiency of the system was achieved because of the
nucleus-targeting PN component’s contribution to tumour
growth suppression and the mitochondria-targeting PM com-
ponent played a crucial role in inhibiting tumour metastasis.
Both cellular compartments were impaired concurrently,
resulting in reduced ATP production via depleting the energy
supply required for tumour cell migration as a result. The
system increased the reactive oxygen species (ROS) levels, trig-

This journal is © The Royal Society of Chemistry 2025
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gering intrinsic apoptosis pathways and suppressing the
expression of MMP-9 and other metastasis-related proteins. In
vivo studies confirmed that compared to individual treatments,
the PMN combination increased efficacy in both tumour
growth suppression and reduction of lung metastasis.'®
Colorectal cancer (CRC) mutations drive resistance and
poor prognosis, underscoring the need for more effective
therapies. The oxidative drug therapy combining arsenic triox-
ide (ATO) and D-vitamin C (D-VC) has demonstrated promising
efficacy by targeting mitochondrial functions and depleting
antioxidant defences to induce apoptosis in CRC cells. Mun
et al."™? evaluated the cytotoxic effects of ATO/D-VC in 2D and
3D cell models, known as clusteroids, generated from CRC cell
lines HCT116 and SW620 (see Fig. 7A-C). In 2D, the ATO/D-VC
combination significantly reduced cell proliferation to 40-60%
and viability to below 30% of control levels. In contrast, clus-
teroids showed a more limited response, with proliferation
reduced to 60-80% and viability to 80-90%, highlighting the
impact of extracellular matrix (ECM) and cell-cell interactions
in limiting drug diffusion within structured tumour microen-
vironments (see Fig. 7D). To overcome these diffusion barriers,
ATO and D-VC were individually encapsulated in poloxamer-
stabilized shellac-based nanoparticles (NPs) functionalized
with Savinase, a protease known to degrade ECM components.
Savinase-coated ATO/DV-C nanocarriers possessed good col-
loidal stability and a positive surface charge to enhance
electrostatic adhesion with the negatively charged cancer cells

This journal is © The Royal Society of Chemistry 2025

confirmed by scanning electron microscopy of clusteroid sur-
faces. Dual treatment of Savinase-coated ATO- and D-VC-
loaded NPs caused pronounced disruption of clusteroid mor-
phology and substantially reduced both viability and prolifer-
ation to approximately 30-40% of untreated control levels.
Compared to the free drug and uncoated nanoparticle formu-
lations, the savinase-functionalized nanoparticle formulation
achieved nearly twice the reduction in viability and prolifer-
ation, as well as enhanced cancer cell apoptosis, indicating a
marked improvement in therapeutic effect (Fig. 7E, F and H).

2.12 Mitochondria targeting nanosystems to restore cellular
homeostasis in ageing stem cells

A recent study introduced energy metabolism-engaged nano-
medicines (EM-eNMs) as an innovative platform that directly
targets and remodels mitochondria to restore cellular homeo-
stasis in ageing stem cells."®' These nanoscale therapeutics are
inspired by natural nanointerfaces and are designed to regu-
late mitochondrial function at the molecular level. EM-eNMs
are constructed from ultra-small black phosphorus quantum
dots (BP QDs) whose surfaces are selectively oxidized via
contact-electro-catalysis (Fig. 8A). This controlled surface
engineering transforms the QDs into structural analogues of
inorganic polyphosphates (polyP), biomolecules deeply inte-
grated into energy metabolism. The self-assembly process
yields uniform, biocompatible nanoparticles optimized for
mitochondrial uptake. Through this molecular mimicry,
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mesenchymal stem cells (MSCs) recognize EM-eNMs as
endogenous metabolic substrates, enabling preferential
trafficking into mitochondria rather than nonspecific seques-
tration in other organelles. Physicochemical characterization
confirmed their nanoscale size, surface charge, and stability,
while functional assays demonstrated selective binding to the
B-subunit of mitochondrial ATP synthase (ATP5B).'*' Once
internalized by bone marrow mesenchymal stem cells
(BMMSCs), EM-eNMs exert profound effects on mitochondrial
structure, dynamics, and bioenergetics (Fig. 8B). By binding
ATP5B, the nanoparticles modulate ATP synthase activity and
promote mitochondrial fission through up-regulation of
dynamin-related protein 1 (DRP1). This inhibition of overactive
ATP synthase shifts the balance of mitochondrial morphology
toward a more fragmented yet functionally healthier network
(Fig. 8C), in contrast to the enlarged and dysfunctional mito-
chondria typical of aged cells. Importantly, EM-eNMs also
stimulate mitophagy, as shown by increased colocalization of
mitochondria with lysosomal and autophagy markers
(Fig. 8D), thereby enhancing the removal of damaged orga-
nelles and maintaining mitochondrial quality. Through these

Nanoscale

combined actions, EM-eNMs restore mitochondrial quality
control and prevent the accumulation of swollen, inefficient
mitochondria in aged MSCs. At the functional level, EM-eNMs
reprogram cellular metabolism (Fig. 8E). In aged BMMSCs,
treatment partially redirected energy flux toward glycolysis
(Fig. 8F) while simultaneously normalizing mitochondrial ATP
production, reducing oxidative stress, and preventing the
metabolic collapse associated with senescence. These meta-
bolic modifications support the restoration of “stemness” pro-
perties, including proliferation and multipotency. In vivo, sys-
temic administration of EM-eNMs in mice demonstrated pre-
ferential accumulation in bone, where they rejuvenated
BMMSCs and alleviated age-related bone loss through mito-
chondrial remodeling. This work highlights how engineered
nanodots can act as molecular surrogates for natural meta-
bolic cofactors, directly engaging mitochondrial proteins and
reshaping organelle dynamics. Such rational nanoscale
designs, combined with rigorous validation, provide a strong
foundation for next generation nanotherapeutics that target
mitochondrial dynamics, mitophagy, and energy metabolism
to combat ageing and related diseases.'*’

This journal is © The Royal Society of Chemistry 2025
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(A) Schematic illustration of contact-electro-catalytic preparation of EM-eNMs. US, ultrasound. (B) Schematic illustration of the role of EM-

eNMs on glycolysis and OXPHOS. (C) Mitochondrial morphological changes observed by a super-resolution microscope. Following EM-eNMs treat-
ment, mitochondria shifted from elongated strips to shorter, round shapes. TEM observation of the mitochondrial morphology following EM-eNMs
treatment. TEM images show mitophagy, indicated by arrow (n = 5). (D) Schematic illustration showing the role of EM-eNMs on mitochondria. (E)
(LHS) Oxygen consumption rates (OCR) represent mitochondrial oxidative phosphorylation metabolism. FCCP, carbonyl cyanide-4-(trifluoro-
methoxy) phenylhydrazone. (RHS) extracellular acidification rate (ECAR) rates (a biological measurement of cell metabolism) representing shift
towards glycolytic metabolism. Rot/AA, rotenone/antimycin A; 2-DG, 2-deoxy-D-glucose. (F) Co-staining with Mito-Tracker (red) and Lyso-Tracker
(green) to label mitochondria and lysosomes, respectively. Yellow regions indicate fusion between mitochondria and lysosomes, representing mito-

phagy. Reprinted with permission from ref. 121; copyright 2025 Springer Nature.

2.13 Restoring mitochondrial functions with nanodelivery
systems for treatment of neurodegenerative and
cardiovascular diseases

Nanodelivery systems that can restore mitochondrial function
are rapidly evolving into translational strategies for both neuro-
degenerative and cardiovascular disease. They combine tar-
geted organelle accumulation with payloads that either remove
pathological reactive oxygen species (ROS), can stimulate mito-
chondrial quality control (mitophagy/biogenesis) or can
directly support the bioenergetic function. Mitochondria-tar-
geted nanozymes and engineered nanocarriers have been
shown to accumulate at or within mitochondria and to catalyti-
cally scavenge ROS, thereby limiting oxidative damage to mito-
chondrial membranes, preserving membrane potential and
preventing downstream apoptotic signalling; for example, a
ceria-based nanozyme platform that was engineered to target
mitochondria reduced reperfusion-associated oxidative injury
and improved outcomes in ischemic stroke models, demon-
strating that organelle-localized catalytic scavenging is an
effective route to restore mitochondrial homeostasis after
5% Delivery of mitochondria-biogenesis-
stimulating cargos has been used to reprogram mitochondrial
turnover and restore respiratory competence in degenerating
neurons: biomimetic, mitochondria-targeted nanoparticles

acute ischemic insult.

This journal is © The Royal Society of Chemistry 2025

that promote the NAD'/SIRT1/PGC-la axis recovered mito-
chondrial membrane potential and respiratory-chain integrity
in dopaminergic neurons and improved behavioural outcomes in
Parkinson’s disease models, underlining the potential for nano-
carriers to deliver signalling cargoes that actively rebuild mito-
chondrial function rather than merely buffering ROS."> Beyond
small molecules and signalling modulators, engineered “mito-
chondria-repair” constructs that combine exogenous mitochon-
drial augmentation with nanoparticle-mediated control of mito-
phagy can increase the load of functional mitochondria and
restore population-level mitochondrial homeostasis. This strategy
has been recently illustrated by mitophagy-enhanced, nano-
particle-engineered mitochondria that synchronized delivery and
removal of dysfunctional organelles, improving mitochondrial
pool quality and tissue function in disease models."*® For cardio-
vascular indications, single-atom and engineered nanozymes
optimized for potent, rapid ROS elimination has demonstrated
striking cardioprotective effects. For example, atomically dis-
persed Pt-anchored nanozymes and related antioxidant nano-
architectures were found to reduce infarct size and cardiomyocyte
apoptosis after ischemia-reperfusion. They also restore mitochon-
drial redox balance and support survival signalling in myocar-
dium, providing strong proof-of-concept that catalytic nanodeliv-
ery can rapidly recover mitochondrial function in acute cardiac
injury."> These different strategies: (i) catalytic nanozymes, (ii)
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biogenesis-stimulating biomimetic nanoparticles, and (iii) mito-
phagy-enhancing mitochondria assemblies are underpinned by
the following three engineering principles. (1) Ensuring efficient
mitochondrial accumulation by using lipophilic cations such as
triphenylphosphonium, peptide targeting motifs, or membrane-
coating/biomimetic strategies. (2) Adjusting the release kinetics
so that active agents become available at the organelle without
provoking overflow toxicity. (3) Designing the particle size, surface
charge and hydrophobicity to favour endosomal escape and cyto-
solic diffusion toward mitochondria. Nanozyme catalytic profile
in terms of substrate scope, turnover, and stability, together with
targeting specificity and biocompatibility, are the most important
translational variables, the potency and organelle selectivity deter-
mine whether the mitochondrial function is restored in vivo.'*®
Acute injuries (stroke, myocardial infarction) may benefit most
from fast-acting catalytic nanozymes that rapidly neutralize ROS
and stabilize mitochondrial membranes, whereas chronic neuro-
degenerative disorders (Parkinson’s, Alzheimer’s) are more likely
to respond to repeated or sustained delivery of biogenesis-stimu-
lating or mitophagy-modulating nanocarriers that rebuild the
organelle populations and restore respiratory function. Several
recent studies also expose common translational bottlenecks as
the reproducibility of targeted nanozymes, long-term persistence
and clearance of catalytic nanoparticles, as well as the potential
interference with physiological ROS signalling. Therefore, standar-
dized in vivo mitochondrial endpoints and head-to-head compari-
sons with non-targeted formulations are required to prioritize
candidates for clinical development. Examples of both cardio-
vascular and neurodegenerative models now show that properly
engineered nanocarriers can be designed to restore mitochon-
drial function directly, via a catalytic ROS control, organelle popu-
lation remodelling, or signalling-axis restoration.'>*>®

2.14 Methods for fabrication of nano-delivery systems for
mitochondria

Mitochondria-targeted nanomedicine relies fundamentally on
preparation methods that encode subcellular routing, because
mitochondria possess unique electrochemical polarity, double
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membrane architecture, and metabolic biomolecule densities.
Scheme 1A shows the typical materials used for mitochondria
targeting NPs with more details summarized in Table 3.
Nanocarriers must be fabricated in such a way that particle
assembly, morphology, surface charge anisotropy and external
ligand accessibility collectively produce a net electrophoretic
and organelle-biased trajectory after endosomal escape, cytoso-
lic diffusion and cytoplasmic viscosity navigation.">®

Preparation methods for the nanocarriers reflect the mito-
chondria charge density, amphiphilicity, hydrophobic depth,
local chain mobility, proton scattering behavior and oxidative
responsivity.

Polymer-based nanocarriers are generally formed by nanopre-
cipitation, emulsion-solvent evaporation, solvent displacement
or aqueous self-assembly.'® For example, glycolipid-like
micelles that release celastrol selectively at mitochondrial alka-
line pH are fabricated by solution self-assembly under mild
aqueous conditions to preserve pharmacophore integrity
(Fig. 9A and B).”® Dendrimers can be prepared and loaded
with nucleic acids through electrostatic complexation under
controlled ionic strength, forming mitochondria-addressed
gene-delivery nanocarriers when functional groups are selected
appropriately (Fig. 9C and D).® Polymeric micelles loaded
with doxorubicin or other chemotherapeutics are typically
nano-precipitated from solvent systems tuned to generate
narrow hydrodynamic size distributions, and preparation steps
define ligand availability and electrostatic geometry at the par-
ticle exterior.*® Glutathione-responsive polymeric nano-
vehicles incorporate disulfide motifs that are stable extracellu-
larly but reductively cleave in cytosol, bringing the payload
into proximity with mitochondria.®® The sensitivities of the
polymer assembly to solvents, ionic strength, relative amphi-
phile ratios and mixing kinetics directly define the obtained
mitochondrial directionality. Lipid-based nanocarriers are fabri-
cated using different strategies. Liposomes for mitochondrial
co-delivery of resveratrol and berberine are usually formed by
thin-film hydration and membrane extrusion.'*® The thin-film
technique gives lamellar vesicles, and extrusion yields narrow
size distributions suitable for in vivo reliability. Microfluidic

Table 3 Preparation of nanodelivery systems for targeting mitochondria

Nanocarrier material Payload/therapeutic intent Ref numbers
Glycolipid-like micelles (polymer) celastrol (mitochondrial alkaline pH-triggered release) 50
Polymeric micelles/polymer NPs doxorubicin, nucleic acids, other chemotherapeutics 48, 61
Ceria nanozymes redox modulation, reperfusion injury 40
Hollow Prussian blue nanocarriers biomacromolecules/ROS engineering 62
Graphene oxide nanocarriers glycyrrhetinic acid functionalization for cancer therapy 107
Activated carbon nanoparticles metformin metabolic control 93
chimeric carbon nanocarriers anticancer payloads (various) 86
lysozyme-functionalized shellac nanoparticles metabolic agents (anticancer) 151
savinase-functionalized nanocarriers oxidative drugs for solid tumors 152
mitochondria-targeted liposomes resveratrol + berberine co-delivery 149
CRISPR/Cas9 lipid nanoparticles mitochondrial genome editing 148
glutathione-responsive nanovehicles intracellular reductive-triggered payloads 65
mixed charge nanocarriers dye payloads/mitochondrial entry switching 38
PB-derived nanocomposites ROS outbreak for oncotherapy 83
“Mito-bomb” nanoplatform ferroptosis-boosted sonodynamic therapy 75
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(A) TEM images of mitochondria targeted conjugates CTPP-CSOSA produced by (4-Carboxybutyl) triphenylphosphonium bromide (CTPP), a

lipophilic cation, conjugated with glucolipid-like conjugates (CSOSA). (B) Co-localization of the CTPP-CSOSA micelles within mitochondrial com-
partments (the yellow spots) in MCF-7 cells after incubation.>® Reproduced with permission from ref. 50, copyright 2018 Elsevier. (C) Synthetic route
of TPP-functionalized G5 PAMAM dendrimers used for gene delivery. (D) CLSM images of Hela cells incubated with G5-TPP35/YOYO-1 labelled
DNA polyplexes.®! Reproduced with permission from ref. 61, copyright 2014 Royal Society of Chemistry. (E) Scheme of the synthetic process of
TPP@(CeO, + ROF). (F) High-resolution TEM images of the CeNZs.*® Reproduced with permission from ref. 40; copyright 2024 American Chemical
Society. (G) Schematic illustration of acid-activated self-assembly of Prussian blue nanoparticles bearing polyoxometalate quantum dots.5?
Reproduced with permission from ref. 62, copyright 2024 Elsevier. (H) mitochondria-targeting cholesterol-based chimeric nanoparticles (mt-CNPs)
consisting of cisplatin, camptothecin, and tigecycline.®¢ Copyright 2022 Royal Society of Chemistry.

fabrication of lipid nanoparticles can be used for mitochon-
dria-directed CRISPR/Cas9 assemblies.'*® Microfluidic mixing
produces kinetically trapped lipid-nucleic acid complexes
where the packing density determines whether mitochondrial
genome editing reaches stoichiometric effectiveness. In lipid-
based nano-systems, assembly must consider the formation of
protein corona, membrane fusion probability, cardiolipin
affinity and outer-membrane contact frequency, which are also
preparation-specific. Inorganic nanocarriers are typically pre-
pared by (i) controlled precipitation, (ii) hydrothermal growth,
(iii) surface ligand exchange and (iv) sol-gel-like templating.
Preparation methods for Ceria NPs preserves Ce®"/Ce** switch-
ability which allow them to act as redox-switched mitochon-
dria-targeted enzyme (Fig. 9E and F)."* Prussian blue NPs are
fabricated through co-precipitation and templated hollowing
approaches, allowing internal loading of biomacromolecules.®>
Organic nanostructures designed for intrinsic photophysical
targeting must be prepared with solvent control and surfac-
tant-free assemblies that preserve the photodynamic and
photothermal signatures required for mitochondrial localiz-
ation.®* Selenium NPs have been prepared via aqueous redu-
cing conditions and can be surface-functionalized to synergize

This journal is © The Royal Society of Chemistry 2025

with metabolic therapeutics like metformin.”* Each of these
preparation routes defines the NP surface oxidation state, its
ability to generate/quench ROS, and its navigation to mito-
chondria. Carbon-based nanostructures are formed via oxidative
exfoliation, graphitic defect engineering, carbonization tuning
and sequential functionalization.

Graphene oxide (GO) NPs functionalized with glycyrrhetinic
acid are prepared from graphite oxidation followed by surface
grafting.”” Activated carbon NPs are prepared precursor pyrol-
ysis or hydrothermal approaches, which yield mesopores
capable of loading metabolic therapeutics.”® Chimeric carbon
nanostructures created by blending carbon building blocks
and engineering new emergent surface functionality can
enable mitochondrial targeting.®® Protein-based nanocarriers
require preparation strategies that preserve the native tertiary
or quaternary structure of the biomacromolecular moiety.
Lysozyme-functionalized shellac NPs have been formed under
conditions that retain enzymatic activity while enabling drug
loading and mitochondrial access.'® Savinase-functionalized
NPs similarly rely on pH induced aqueous co-precipitation of
shellac and oxidative drugs followed by surface coating with

the enzyme, avoiding its denaturation.’®® The crucial detail
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here is that preparation must preserve the biological activity
that participates in mitochondrial docking, membrane desta-
bilization, or metabolic catalysis. Stimuli-responsive NPs are
prepared by embedding chemical trigger into their nano-
structure. Glutathione cleavage handles, ROS-sensitive groups,
photodynamic monomer units, proton-driven linker chem-
istries and calcium-loading regimes have been incorporated
into the NPs design.’”*>%”%% «“Mito-bomb” sonodynamic NPs
for ferroptosis boosting have been prepared via sonosensitizer-
loading methodology that intentionally encodes ferroptotic
acceleration.”

The preparation method directly determines whether the
nano-assembly executes mitochondrial ferroptosis amplifica-
tion. Hence it is not a neutral step, but it is mapping the nano-
material structure to the organelle addressability. The solvent
composition, water/organic mixing rate, amphiphile pro-
portion, surfactant concentration, pH, ionic strength, or rate
of nanoprecipitation, determine not only the NPs size, but also
in which other organelles inside the cell the nanocarrier
prefers to accumulate. Mixed-charge NPs, for example, demon-
strate that mitochondrial targeting can be achieved without any
explicit mitochondrial ligand.?® This is also why the emerging
“precision nanotechnology” implies that material synthesis and
pharmacology cannot be separated, material identity, corona
identity, metabolic compatibility and organelle tropism arise
from the same synthetic step.'®" This is also why preparation
now intersects directly with regulation. Regulatory analyses for
nano-enabled medical products explicitly state that nano-prepa-
ration determines degradation products, impurity profile,
immunogenic signatures, accumulation risk, metabolic disas-
sembly and biological interaction profile.*>*>®? Therefore, the
methods used to prepare mitochondria-targeted nano-delivery
systems are not merely manufacturing logistics. They determine
whether nano-objects can cross cytoplasm, escape endosomes,
penetrate mitochondrial membranes, avoid mitophagic clear-
ance, activate mitochondrial signaling nodes, bias ROS flux,
bias iron homeostasis, commit cells to apoptosis, or bias cells
toward survival ®73143:144

2.15 Toxicity of mitochondria-targeting nanosystems

Ensuring the safety and biocompatibility of mitochondria-tar-
geting nanosystems is essential for their successful clinical
translation, requiring a critical examination of both immediate
and long-term interactions with complex biological systems.
The nanocarrier composition is a critical factor which makes
biocompatible materials like lipids, PLGA, and PEG to be pre-
ferred for their biodegradability and stealth properties.
However, even these materials can elicit unexpected immune
responses or exhibit batch-to-batch variability in purity that
influences toxicity.'**'** In addition, the nanoparticles, size,
shape, and surface charge, are also intrinsically linked to their
safety profile. Smaller nanoparticles (<10 nm) may exhibit
enhanced tissue penetration but can raise significant concerns
regarding renal accumulation and potential filtration issues,
while larger sizes can lead to different clearance pathways and
organ burden.'” The particle surface charge is particularly
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critical as although cationic surfaces enhance cellular uptake
and mitochondrial targeting via electrostatic interactions with
the negatively charged mitochondrial membrane, they are also
strongly correlated with membrane disruption, lysosomal per-
meabilization, and the induction of oxidative stress, posing a
clear trade-off between efficacy and cytotoxicity.'?*2> 1277133 A
critical analysis toxicity extends beyond these initial inter-
actions to long-term fate, as the potential for nanoparticle
accumulation in off-target organs and the incomplete under-
standing of their degradation products and subsequent
inflammatory responses remain major hurdles.*® Moreover,
the very mechanism of mitochondrial targeting can be a
double-edged sword. Although designed to disrupt mitochon-
drial function for therapy, these nanosystems can inadver-
tently cause severe bioenergetic failure and trigger apoptosis
in healthy cells if their activity is not precisely controlled, a
risk highlighted in critical reviews of the field."'* This under-
scores the necessity for advanced in vitro models, such as 3D
organoids and micro-physiological systems, which can provide
more predictive toxicity profiles than conventional 2D cultures
by better mimicking tissue complexity and biological bar-
riers.'*® Hence, a holistic safety assessment must balance opti-
mized nanocarrier physicochemical parameters for targeting
with a thorough investigation of subcellular and systemic bio-
compatibility to advance these promising nanosystems toward
clinical use.

2.16 Biodegrability of mitochondria-targeting nanosystems

Nanocarrier biodegradability and clearance pathways are
crucial for minimizing toxicity. Used nanomaterials should
ideally be biodegradable, breaking down into non-toxic com-
ponents that the body can easily eliminate. Non-biodegradable
materials can accumulate and cause long-term toxicity. While
conventional biodegradable polymers like PLGA are effective
for cytoplasmic delivery, their degradation kinetics may be too
slow within the mitochondrial compartment, potentially
leading to undesirable organelle accumulation and impaired
function. To address this, advanced strategies are employing
mitochondriotropic linkers, such as thioketal or arylazide
groups, that are specifically cleaved by the elevated ROS or the
unique proteolytic environment within mitochondria, ensur-
ing triggered payload release and subsequent nanocarrier
breakdown."® The emerging use of endogenous biomimetic
materials, like heme or cardiolipin, allows for the construction
of nanosystems that are not only inherently targeted but are
also seamlessly processed by the organelle’s own enzymatic
pathways, minimizing the risk of residual debris."*® A critical
analysis of the field emphasizes that true mitochondrial bio-
compatibility requires quantitative tracking of degradation
fragments and their efflux from the organelle, moving beyond
simple proof-of-concept studies to ensure that these sophisti-
cated systems do not inadvertently contribute to mitochondrial
toxicity through their breakdown products.’*! Understanding
how nanoparticles are cleared from the body (e.g., renal or
hepatic clearance) helps in designing safer nanoparticles, as
rapid clearance can reduce potential toxicity.'3>*3¢
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Evaluating toxicity involves both in vitro and in vivo
studies.”*”*® In vitro studies include cytotoxicity assays to
assess the effects of nanoparticles on various cell lines,
measuring oxidative stress by examining the generation of ROS
and related oxidative damage in cells,’*® and assessing mito-
chondrial function by examining mitochondrial membrane
potential, ATP production, and other indicators of mitochon-
drial health.’® In vivo studies involve evaluating acute and
chronic toxicity in animal models to observe any adverse
effects over short and long durations, studying organ distri-
bution and accumulation to understand how nanoparticles
distribute across organs and their potential to accumulate in
tissues, which could lead to toxicity, and assessing immuno-
genicity to determine whether nanoparticles provoke an
immune response that could lead to inflammation or other
immune-related issues."*' Histopathological analysis using
histological techniques to examine tissues for signs of
damage, inflammation, or other pathological changes caused
by nanoparticles is also important.'*> A comprehensive safety
profile is essential and can be built by combining data from
in vitro, in vivo, and computational studies. Adhering to regu-
latory guidelines and standards set by agencies such as the
USFDA or EMA, which require thorough safety testing and vali-
dation, is crucial for ensuring the safety and efficacy of
nanoparticles.**4*

2.17 Controlled release of mitochondria-targeting
nanosystems

Developing controlled release systems for mitochondria-target-
ing nanosystems is crucial for maximizing therapeutic effects
and minimizing potential side effects."*> Controlled release
refers to the ability of a delivery system to release its thera-
peutic payload in a predetermined, sustained, and site-specific
manner. The importance of controlled release lies in several
key areas. First, it maximizes therapeutic efficacy by releasing
the drug directly within the mitochondria, allowing the thera-
peutic agent to exert its effects precisely where it is needed.
For example, anti-cancer drugs can be more effective when
they directly target the mitochondria of cancer cells, inducing
apoptosis more efficiently. Second, controlled release mini-
mizes side effects by reducing the exposure of non-target cells
and tissues to the therapeutic agent, which is particularly
important for potent drugs that can cause significant damage
if released in non-target areas. Third, a sustained release
profile ensures that the drug is released over an extended
period, maintaining therapeutic levels within the mitochon-
dria and reducing the need for frequent dosing, which
improves patient compliance and treatment outcomes.'*’
Several mechanisms can be employed to achieve controlled
release in mitochondria-targeting nanosystems. One approach
is stimuli-responsive release, where the release of the drug is
triggered by specific conditions found within the mitochon-
dria. For example, pH-sensitive materials can be used to
release the drug in response to the acidic environment of the
mitochondria, or redox-sensitive materials can respond to the
high levels of ROS present in dysfunctional mito-
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chondria.*>"?*1%° These stimuli-responsive systems ensure
that the drug is released only when it reaches the target site,
enhancing specificity and reducing off-target effects. Another
approach is the use of biodegradable polymers, which gradu-
ally degrade within the mitochondria, releasing the drug over
time. Polymers such as PLGA (poly(lactic-co-glycolic acid)) are
commonly used for this purpose, as they are biocompatible
and can be engineered to degrade at specific rates. The degra-
dation rate can be tailored to match the desired release profile,
ensuring a sustained and controlled release of the therapeutic
agent.146’147

Lipid-based nanocarriers, such as liposomes, and some
micelles, can also be engineered for controlled release. These
carriers can be designed to fuse with mitochondrial mem-
branes, releasing their payload in a controlled manner.
Additionally, the use of lipid-based carriers can enhance the
stability of the encapsulated drug, protecting it from degra-
dation before it reaches the target site."*®'*° Controlled release
can also be achieved by using of targeting ligands that
enhance the specificity of the delivery system. Ligands such as
triphenylphosphonium (TPP) cations or mitochondria-pene-
trating peptides (MPPs) can be conjugated to the surface of
nanoparticles, directing them to the mitochondria and ensur-
ing that the drug is released near the target organelle.*® This
targeted approach reduces the likelihood of off-target effects
and enhances the therapeutic efficacy of the drug. Nanocarrier
systems of controlled release that actively target mitochondria
are an efficient route for enhancing cancer therapies by deli-
vering cytotoxic or adjuvant agents directly to the cell’s power-
house and releasing them in response to local stimuli. For
example, Yang et al'®® developed a porphyrinic MOF
(PCN-224) platform that uses photo-generated ROS to trigger
on-site CO release and sensitize ferroptosis in mitochondria.
Another team, led by Qu and coworkers'®® used triphenylpho-
sphonium (TPP)-functionalized mesoporous silica nano-
particles to escort doxorubicin preferentially to mitochondria
and ensure controlled intracellular drug delivery causing mito-
chondrial dysfunction.'®® Zhang et al.'®® demonstrated ROS-
responsive polyprodrug nanoreactors (DT-PNs) for mitochon-
dria-specific, self-amplifying drug release: low endogenous
mitochondrial ROS triggers initial camptothecin release in
mitochondria, which boosts mtROS and drives further drug
liberation, producing a sustained ROS burst and enhanced cell
death.

2.18 Future perspectives

To further the field of nano therapeutics targeting mitochon-
dria, it is necessary to use advanced high throughput screen-
ing methods. Developing new screening algorithms could
facilitate testing a wide variety of ligands and nanoparticle
designs quickly. Novel bioinformatics tools and computational
modelling would allow researchers to design predictive models
of the behaviour of nanoparticles in biological systems, sup-
porting the design of more effective targeting strategies."®’
Dynamic simulation strategies that combine membrane-
specific molecular dynamics (MD) with enhanced-sampling

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03935e

Open Access Article. Published on 22 December 2025. Downloaded on 1/20/2026 2:02:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

methods are now central to deciphering how ligands approach,
insert into, and detach from mitochondrial membranes.
Coarse-grained MD with inner membrane lipid compositions,
particularly cardiolipin, has been used to quantify binding
energetics and membrane ordering and therefore provides a
realistic target matrix for probing mitochondria-active
ligands.'®® Enhanced-sampling MD strategies such as meta-
dynamics or milestoning allow direct access to slow associ-
ation/dissociation pathways and permit reconstruction of free-
energy profiles that cannot be obtained with brute-force
MD."7° Metadynamics provides an efficient, smoothly conver-
ging scheme that stabilises sampling of rare transitions and is
therefore directly suitable for ligand-membrane interaction
free-energy estimation.'”* Using innovative in vivo models such
as 3D clusteroids, organoids and advanced animal models to
study the biodistribution and targeting efficiency of nano-
particles in a living system would be desirable.">*"%%'”> For
the clinical utility the work should focus on developing scal-
able manufacturing processes for nanoparticles that maintain
targeting efficiency without compromised quality. Moreover,
regulatory approvals and guidelines for rigorous preclinical
and clinical testing for nanoparticles should be enforced to
ensure that the nanoparticles are safe and effective.'*’

3 Conclusions

In summary, developing controlled release systems for mito-
chondria-targeting nanosystems involves several strategies to
ensure that the therapeutic agent is released in a controlled,
sustained, and site-specific manner. By employing stimuli-
responsive materials, biodegradable polymers, lipid-based
nanocarriers, and targeting ligands, researchers can enhance
the specificity, efficacy, and safety of mitochondria-targeting
therapies. These advancements hold great promise for improv-
ing the treatment of a wide range of diseases, including cancer,
neurodegenerative disorders, and cardiovascular diseases.
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