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Cancer is a highly complex disease that affects lives and causes millions of deaths worldwide. Several
approaches are currently employed as cancer treatment options. Among them, mitochondrial targeting offers
a highly promising approach to precise cancer treatment. Indeed, various engineered nanomaterials loaded
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1. Introduction

Cancer, a complex and concerning issue, continues to pose a
worldwide challenge, affecting lives and driving continuous
scientific inquiry." In 2020, cancer led to nearly 10 million
deaths worldwide, accounting for about one in six deaths.
These numbers reveal the widespread impact, with around
19.3 million new cancer cases and approximately 10.0 million
cancer-related deaths in 2020 alone across 185 countries.” The
intricate characteristics of cancer, marked by cells growing and
spreading uncontrollably, have triggered a surge of research
aimed at finding effective ways to treat this condition.’ The
urgent need for innovative solutions is highlighted by the
World Health Organization, which emphasizes cancer as a
major global cause of death. This pressing situation underlines
the necessity for novel approaches to undertake this challenge.?

In the world of cancer, there is a fascinating balance
between what we know and what is still unknown. As we study
how cancer works at a molecular level and how genes play a
role, there are parts that we are still figuring out. For example,
some people inherit genes that make them more likely to get
certain cancers, but the actual disease often needs additional
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and their emerging role in precisely targeting mitochondria, offering solutions for effective treatment of cancer.

mutations in their genes. Think of it like a puzzle: a gene called
HPC1 can lead to early growth in prostate cancer, but for the
disease to become worse, other genes have to be altered too.*”
Some of these changes can happen because of things around
us, and even after cancer starts, changes keep happening that
can make the treatment stop working.® It is like a mystery we
are trying to solve, where genes, changes, and treatments all
connect in a complicated way.

Several approaches are employed in tackling cancer, span-
ning from time-tested methods like surgery,” chemotherapy,®
and radiotherapy® to more recent innovations such as hormone
therapy,'® anti-angiogenic treatment,"* stem cell therapies,'?
immunotherapy,'? and dendritic cell-based immunotherapy.™*
These strategies collectively constitute the contemporary spec-
trum of cancer treatment options.’>'® While these methods
have shown progress, their drawbacks and potential side effects
underscore the necessity for alternative approaches.

Chemotherapy, radiotherapy, and immunotherapy, when
employed individually, can harm healthy tissues.'® The effect
of the combination of immunotherapy with radio (chemo)
therapy on normal tissue complications remains uncertain
due to the intricate nature of treatment strategies.” Addition-
ally, it is crucial to acknowledge that these therapeutic inter-
ventions can affect non-cancerous cells alongside malignant
ones, given their potential lack of specificity in exclusively
targeting cancerous cells. It is important to note that the
development of resistance to radiotherapy and chemotherapy
can lead to treatment inadequacies or even trigger a recurrence
of the malignancy.'®?° Therefore, challenges such as limited
solubility, inadequate bioavailability, and indiscriminate

Mater. Adv,, 2024, 5, 409-431 | 409


https://orcid.org/0000-0003-1651-0710
https://orcid.org/0000-0002-0424-047X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00629h&domain=pdf&date_stamp=2023-12-20
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00629h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005002

Open Access Article. Published on 21 December 2023. Downloaded on 3/10/2026 6:59:40 AM.

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

(cc)

Review

biodistribution decrease the efficacy of existing medications
and treatment approaches.

As cancer’s global impact persists, demanding novel appro-
aches, the intricate balance between known and unknown facets
of the disease compels us to explore uncharted territory. In recent
times, nanoparticles have emerged as a powerful tool for target-
ing malignant tumor cells for precise and efficient therapy of
cancer.”’ Medical nanotechnology involves utilizing materials
with sizes in the nanometer range (typically 1-100 nm) for
designing and creating therapeutic drugs and devices. These
nano-sized materials exhibit distinct physicochemical properties
due to their size, setting them apart from larger “bulk materials”.
In biotechnology, the nanoparticle definition can extend up to 500
nanometers.?* > While conventional treatments have limitations,
nanotechnology, specifically nanoparticles targeting mitochon-
dria, offers innovative solutions.

Mitochondria offer a highly promising approach to precise
cancer treatment. These cellular powerhouses are central to energy
regulation and cancer progression, making them a key focus in
cancer research. The metabolic shift seen in cancer, notably the
Warburg effect, highlights the pivotal role of mitochondria in
cancer cells.”®”” Recent advances in understanding mitochondrial
pathways and potent inhibitors highlight the potential for targeted
interventions to prevent tumor growth. The energy-regulating role
of mitochondria and their involvement in cancer progression make
them an enticing focal point for therapeutic intervention.”®° This
approach employing different nanoparticles enables controlled
drug release, enhancing efficiency with reduced side effects. Their
diverse applications have the potential to revolutionize cancer
therapy, elevating precision and effectiveness.*

In a recent development, researchers have synergistically
integrated nanoparticles (NPs) with conventional chemothera-
peutic drugs to fabricate biocompatible and versatile nanoplat-
forms that precisely target mitochondria.** The utilization of
this technique involves the development of targeted drug
delivery, light-triggered hybrid nanostructures (photodynamic/
photothermal therapy), and precise nanoparticle delivery to
mitochondria, providing a selective, safe, and effective approach
for disease treatment that holds promise for overcoming drug
resistance while minimizing side-effects.*>

This review investigates the challenges of cancer treatment,
particularly in photodynamic, photothermal, and chemotherapies.
Drawing on insights from mitochondrial biology and targeting
materials, it unravels the complex connection between cancer,
mitochondria, and nanoplatform-based targeted therapy. The
attention is specifically on nanoparticles and their emerging
role in precisely targeting mitochondria, offering solutions for
effective treatment of cancer.

2. Targeting mitochondria: an important
approach in cancer treatment
Mitochondria play an important role in cancer cell proliferation

and survival, making them an appealing target for cancer
therapy.**** Several studies have shown that mitochondrial
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building blocks play an important role in cancer cell develo-
pment.** Mitochondria are the primary producers of ATP,
metabolites for macromolecule production, and ROS. Many
cancer cells appear to have altered mitochondria (detailed in
Section 3), resulting in an increased generation of reactive
oxygen species (ROS) that drive cancer cell growth and
proliferation.®® As a result, targeting mitochondria has been
proven to be an effective strategy in cancer therapy.

Classical approaches targeting the mitochondria of cancer
cells usually aim at inducing mitochondrial damage or inhibit-
ing mitochondrial function.®®> Some of these approaches
include mitochondria-targeted photodynamic therapy,*® mitochon-
dria-targeted chemotherapy”” and mitochondria-targeted radio-
therapy.*® These approaches have shown promising results in both
preclinical and clinical trials, making them an important approach
in cancer treatment.

3. Mitochondrial targeting moieties for
precise cancer therapy

Mitochondrial targeting holds significant promise in addres-
sing existing challenges in the clinical application of chemo-
therapy and the diagnosis of various disorders. Triphenyl-
phosphonium (TPP) has gained significant recognition as a
mitochondrial targeting moiety with extensive research span-
ning over decades. It is characterized by a positively charged
phosphorus atom surrounded by three hydrophobic phenyl
groups, which contribute to an effective interaction with the
hydrophobic mitochondrial membrane.**** TPP exhibits voltage-
dependent accumulation within negatively charged membrane
compartments, with higher concentrations preferentially
observed in mitochondria owing to their more negative mem-
brane potential*’** (Fig. 1). This distinctive characteristic has
paved the way for TPP’s utilization as a ligand for targeted
mitochondrial delivery in diverse applications, including its
conjugation with anticancer agents and vitamin E analogues.*?
Consequently, this approach enhances the accumulation of
therapeutic compounds within mitochondria, leading to
improved therapeutic outcomes.

In the context of mitochondrial targeting, peptides can be
designed by incorporating positively charged and hydrophobic
building units. Peptides are promising candidates for mito-
chondria-targeting ligands due to their advantages, including
ease of synthesis, small size, low toxicity, and biocompatibility.**
Mitochondria-penetrating peptides (MPPs) typically contain a
highly hydrophobic residue and a positively charged moiety,
such as arginine or lysine, positioned alternately. The presence
of delocalized positive charge and hydrophobicity allows these
peptides to efficiently traverse the plasma membrane and
localize within mitochondria.*® In the construction of mito-
chondria-targeting nanosystems, three commonly utilized pep-
tide types are “mitochondria-targeting signal peptides (MTSs),
mitochondria-penetrating peptides (MPPs), and Szeto-Schiller
(SS) peptides”.*”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The absorption of compounds conjugated with TPP is facilitated by the plasma and mitochondrial membrane potentials. Mitochondria with a high
membrane potential enable the rapid uptake of TPP-conjugated compounds. Reproduced from ref. 44 with permission from MDPI, Copyright 2023

(https://creativecommons.org/licenses/by/4.0/).

Also, some small cationic molecules, such as rhodamine,
pyridinium, and cyanine derivatives, can naturally get into
mitochondria. These compounds are widely used as staining
agents, fluorescent probes, imaging agents, and in photo-
dynamic therapy (PDT) either alone or in conjugation with
biologically relevant compounds.*®

4. Distinctive mitochondrial attributes
in malignant cells

Eukaryotic mitochondria drive energy production through the
oxidative metabolism of nutrients, involving NADH/FADH, oxi-
dation from glycolysis, the TCA cycle, or fatty acid B-oxidation,
followed by oxidative phosphorylation, leading to ATP synthesis.
This process, termed oxidative phosphorylation (OXPHOS), is
fundamental for cellular energy generation.*® However, cancer
development triggered by factors like radiation, carcinogens,
oncogenes, and oncoproteins induces a shift in energy production.
Cancer cells transition from OXPHOS to glycolysis, where glu-
cose is converted to pyruvate and, subsequently, to lactate in the
cytosol.”® This glycolytic process allows cancer cells to maintain
cytosolic pH, with lactate being transported out of cells via
monocarboxylate transporters (MCTs), causing extracellular

© 2024 The Author(s). Published by the Royal Society of Chemistry

acidification. This acidic microenvironment impairs oxygen
availability, leading to compromised oxygen transfer and the
collapse of the electron transport chain (ETC) within mitochon-
dria, thus reducing ATP generation.”" Notably, cancer mitochon-
dria exhibit distinct characteristics: altered membrane potential,
elevated ROS, and heightened glutathione (GSH) levels. Cancer
cells display a more hyperpolarized mitochondrial membrane
potential (¥m) of ~—220 mV compared to normal cells at
~ —140 mV. Mitochondrial ROS in cancer cells intensify tumori-
genic features and accelerate mutational accumulation for
metastasis. Glutathione (GSH) holds a vital position within the
cellular antioxidative system. In cancer cells, its elevated levels
are crucial for mitigating excessive reactive oxygen species (ROS)
and detoxifying xenobiotics, rendering it an attractive candidate
for targeted cancer therapy.*>>* In addition, cancer mitochon-
dria display altered oxygen and pH levels. In an in-depth study by
Jiang et al. (2021), the impact of hypoxic conditions on mito-
chondrial function and glucose metabolism in gastric cancer
cells was investigated. The findings uncover that hypoxia affects
mitochondrial membrane potential, ROS levels, and crucial gene
expressions, thereby promoting glycolysis while inhibiting mito-
chondrial aerobic respiration. These results illuminate the sub-
stantial role of hypoxia in shaping the metabolic attributes of
gastric cancer cells.>
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5. Challenges in targeting
mitochondria for cancer treatment

Addressing the complexities of utilizing mitochondria in cancer
treatment presents a frightening task. This investigation reveals
barriers stemming from mitochondrial membrane potential,
intricate structure, and cellular heterogeneity. Additionally, it
emphasizes the involvement of lipophilic molecules, nano-
particles, and the dynamic tumor microenvironment. Conquer-
ing drug resistance and bioavailability hurdles, and refining
photodynamic therapy techniques further enhance the intri-
cacy. Despite the substantial potential, effectively overcoming
these multidimensional challenges remains vital for the con-
quest of mitochondrial-centered cancer therapies.

5.1. Mitochondrial membrane potential and cancer

Mitochondrial targeting relies on the distinct mitochondrial
membrane potential, which is far higher than the plasma
membrane potential.*>*® Cancer cells and transformed cells
generally show higher mitochondrial potentials. Epithelial
cancer cells often have elevated mitochondrial membrane
potentials (A¥.,), linked to increased invasiveness and meta-
static potential. Some tumors have elevated AY,,,, tied to higher
glycolysis and resistance to regulated cell death, though not all
tumors share this trait.>”*®

5.2. Mitochondrial structure and molecule entry

The mitochondria’s intricate four-layer structure (outer mem-
brane, intermembrane space, inner membrane, and matrix)
presents a barrier for the entry of diverse molecules into the
mitochondria. However, due to a significant electrical potential
difference, positively charged molecules can accumulate easily
within mitochondria. Also, the passage through the mitochon-
drial outer membrane (MOM) heavily relies on concentration-
dependent passive diffusion.”® To overcome this, lipophilic
molecules are preferred due to their membrane permeability,
facilitated by hydrophobic interactions.

5.3. Lipophilic molecules and cancer heterogeneity

The existence of intratumoral heterogeneity (ITH) makes it
difficult to treat cancer effectively, where genetic mutations
lead to the development of diverse subpopulations within the
tumor. These forms of variability may result in varying
responses to the treatments, potentially leading to inadequate
elimination of specific subclonal populations.®*

5.4. Challenges in hyperthermia and intercellular trafficking

Another problem in cancer treatment is the limited integration
of hyperthermia due to its inability to achieve selective cyto-
toxicity, target tumors effectively, and a lack of comprehensive
understanding of its cytotoxic mechanism.® Intracellular traf-
ficking is another major challenge, and nanoparticles play a
crucial role in addressing this problem by endosomal entrapment,
as demonstrated through the development of lipid-protamine
DNA/hyaluronic acid (LPD) and subsequent advancements like
LCP nanoparticles. The incorporation of cationic liposomes, the
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presence of calcium phosphate cores, and modifications such as
PEGylation and ligand conjugation illustrate the potential of
nanocarriers in enhancing endosomal escape and facilitating
successful mitochondrial targeting for improved drug delivery.®*

5.5. Rapid clearance and circulation issues

Anticancer agents that rely on small molecules face the pro-
blem of rapid clearance from the body. This rapid clearance
reduces their capacity for precisely targeting cancer cells,
ultimately curbing their potential for achieving optimal out-
comes in cancer therapy.*® In cancer treatment, nanoparticles’
clearance from circulation depends on their properties and
interactions with the mononuclear phagocytic system. This
system involves macrophages, monocytes, and dendritic cells,
impacting NP accumulation in the liver and spleen. Rapid
clearance occurs with stiffer, cationic NPs. Surface modifica-
tions of NPs with polymers such as PEG would reduce such
molecular interactions, extending NP circulation for improved
therapeutic outcomes.®> %

5.6. Hypoxia and pH imbalance

A recent investigation has proposed that hypoxia has an impact
on the immune microenvironment, enabling tumor cells to
evade immune surveillance and elimination.”® In addition,
cancer cells exhibit unique metabolism, favoring enhanced
glycolysis, which leads to intracellular alkalinity (pH 7.2 to
7.4) and extracellular acidity (pH 6.2 to 6.8). The acidic tumor
microenvironment (TME) promotes resistance, proliferation,
and metastasis, unaddressed by current treatments. Current
cancer therapies often overlook targeting this pH imbalance
resulting from cancer-specific metabolism, contributing to
suboptimal treatment outcomes.”*”7*

5.7. Drug bioavailability and mitochondrial role

There are significant challenges related to low drug bioavail-
ability, high degradation, and metabolism of drugs in the
intestines and liver. These issues can particularly hinder the
effective treatment of cancer through oral chemotherapy, affect-
ing the delivery of therapeutic doses to the target site and
potentially reducing treatment efficacy.”

5.8. Mitochondrial adaptation and drug resistance

Mitochondria, as pivotal organelles in cellular energy, exhibit
remarkable dynamism and complex integration with signaling
cascades. This confers upon cancer cells the capacity to swiftly
modulate their bioenergetic and biosynthetic profiles, contri-
buting significantly to multifaceted tumor attributes, including
heightened drug resistance. Consequently, the exploration of
mitochondrial targeting in cancer treatment to counter drug
resistance has gained substantial traction across diverse cancer
types.”® As tumors progress, mitochondria play a dual role in
maintaining cellular balance and coping with drug-induced
stress. For example, in ovarian cancer, mitochondrial fission
offers a hypoxia-related advantage to cisplatin-resistant cells over
their non-resistant counterparts. These adaptive processes impact
mitochondrial metabolism, culminating in drug resistance.””*°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The ever-changing nature and complex attributes of mitochondria
underscore the need to investigate innovative agents and
approaches targeting these organelles.

5.9. Photodynamic therapy: challenges and opportunities

Photodynamic therapy (PDT) is one of the methods used for the
treatment of cancer. It employs ROS to induce tumor cell death
and trigger immune responses in cancer treatment, yet faces
limitations in its scope. Enhancing immune responses holds
promise in expanding PDT’s clinical impact. Challenges encom-
pass PS (photosensitizer) variability, precise tumor targeting,
potential toxicity, immunogenicity, biodistribution, and the
search for an ideal PS profile for optimal antitumor efficacy.”*

6. Transforming mitochondrial
targeting: nanoparticles as key allies in
overcoming cancer therapy challenges

In the pursuit of tackling the complex challenges involved in
targeting mitochondria for cancer therapy, nanoparticles have
emerged as valuable allies. These tiny particles possess special
qualities that make them particularly promising, including
their ability to pass through cell membranes and release drugs
in a controlled manner.®" These features offer hope for over-
coming issues like drug resistance, making drugs more avail-
able to cells, and dealing with the intricate structures within
cells. In this section, we will explore creative strategies invol-
ving nanoparticles, highlighting how they are bringing about
significant changes in the complicated field of cancer treat-
ments solely focusing on mitochondria.

Nanocarriers alter a drug’s pharmacokinetic characteristics,
increasing its efficilency and minimizing negative effects.
Organic, inorganic, and hybrid nanocarriers are the types of
nanocarriers that have been utilized by different research groups
for the administration of chemotherapeutic drugs.*>** Further-
more, their unique attributes enable inorganic nanoparticles to
surpass organic nanoparticles as superior drug carriers. Inorganic
nanoparticles are better drug carriers than organic nanoparticles
because of their unique properties such as high quantum yield,
easy surface modification, controlled drug release, low toxicity,
improved bioavailability, high drug loading capacity, a longer
lifetime, high photostability, and a large surface area.®>®
On the other hand, hybrid nanoparticles, which combine the
advantages of both organic and inorganic nanoparticles, may
offer improved efficacy and safety compared to their individual
counterparts.*®*° Taking into consideration the diverse factors
influencing the selection of nanoparticles for cancer treatment, it
becomes crucial to weigh the benefits of hybrid nanoparticles,
which amalgamate the strengths of both organic and inorganic
nanoparticles, against the unique attributes of each type.

6.1. Harnessing nanoparticles for targeting mitochondria as a
viable strategy against multi-drug resistance in cancer therapy

Multidrug resistance (MDR) presents a substantial challenge
in cancer treatment, contributing to 90% of cancer-related

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fatalities.”®**

MDR develops either via intrinsic or acquired
mechanisms,” and tumor heterogeneity and cellular invasion
exacerbate its impact.®*** MDR usually results from increased
drug efflux pumps, disrupted cell death processes, an altered
cancer microenvironment, genetic mutations, and the activa-
tion of alternative survival pathways.’>

Mitochondria, the central organelles for cellular energy
supply, exhibit dynamic changes and integrate cellular signal-
ing pathways to provide bioenergetic and biosynthetic flexibil-
ity for cancer cells, contributing to multiple aspects of tumor
characteristics, including drug resistance.”® As a result, target-
ing mitochondria for cancer therapy and overcoming drug
resistance has become an increasingly prominent focus of
research in various forms of cancer.”® A potential strategy for
overcoming MDR in cancer therapy involves utilizing mito-
chondria-targeted nanoparticle therapy.®® Since drug molecules
may be effective at the cell’s core, directing therapeutic agents
to mitochondria provides a dependable and powerful approach
to eliminating cancer cells. Nanoparticles can enhance the
effectiveness of anticancer treatments and overcome MDR by
precisely targeting the mitochondria and subsequently over-
coming the challenge of MDR.

Targeting mitochondria is a promising strategy to overcome
drug resistance in cancer cells.*” Mitochondrial dysfunction,
altered energy metabolism, and altered apoptotic signaling
pathways contribute to drug resistance. By specifically deliver-
ing drugs to mitochondria or designing drugs that target
mitochondrial function, it is possible to disrupt altered energy
metabolism, induce mitochondrial dysfunction, and exploit
vulnerability in cancer cells.”” This approach holds great
potential for enhancing the effectiveness of anticancer thera-
pies and improving patient outcomes.

Customization of these nanocarriers is possible with
mitochondrial-targeting compounds like mitochondrial-pene-
trating peptides or mitochondrial-targeting ligands.’® Prolong-
ing the nanocarrier’s in vivo circulation could enhance the
utilization of the EPR effect, leading to improved drug uptake
by tumor cells and overcoming MDR.’® Most acquired MDR
in solid tumors commonly involves overexpression of the P-glyco-
protein membrane pump molecule.”® Therefore, it becomes
essential to overcome and evade ATP-binding cassette (ABC)
transporter molecules.'” Multifaceted nanoplatforms have
emerged that typically avoid the interference of ABC transporter
molecules, thereby permitting the binding of nanoparticles
into the mitochondria and triggering apoptosis by releasing
chemotherapeutic medicines into the mitochondria (Fig. 2B).

Jue Tuo et al. (2016) devised a novel approach involving
mitochondria-targeting delivery of doxorubicin (DOX) through
folic acid-conjugated PEGylated liposomes coated with a ber-
berine derivative. This system was designed to target resistant
MCF-7/ADR cells. The utilization of folate as a tumor-targeting
ligand facilitated efficient cellular uptake of the nanocarrier,
while the berberine derivative facilitated the selective transport
of DOX into the mitochondria. This strategy -effectively
bypassed drug efflux mediated by ABC membrane transporters,
a key factor in drug resistance. Consequently, this approach

Mater. Adv,, 2024, 5, 409-431 | 413
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Fig. 2 Advancing cancer therapy via mitochondria-targeting polymeric nanoparticles (NPs). (A) Schematic depiction illustrating the mitochondrial entry
of NPs, accompanied by drug release within matrices characterized by elevated pH/ROS levels and hypoxic conditions. (B) Mitochondria’s central role as
cancer drivers and therapeutic focal points. The figure portrays the intricate sequence of apoptosis and the all-encompassing influence of mitochondrial

constituents on cancer progression and modulation.

amplified the cytotoxicity and apoptosis-inducing effects of
DOX within resistant MCF-7/ADR cells."®" Chen et al. (2017)
developed a nanoplatform using ‘“dendrigraft poly L-lysine with
specific binding aptamers for nucleolin and cytochrome c”.
This dual modified system has been demonstrated to prefer-
entially concentrate in the mitochondria of HeLa and HaCaT
cancer cells and rapidly deliver the loaded Dox, which is
triggered via higher ATP concentrations in mitochondria.
It also modulated mitochondrial membrane potential and
evaded P-glycoprotein-mediated drug efflux, a mechanism lim-
iting chemotherapeutic uptake in multidrug-resistant (MDR)
cancer cells.'*

Yongyan et al. (2020) developed an acid-triggered nanocar-
rier for targeted nitric oxide delivery to cancer mitochondria,

414 | Mater. Adv, 2024, 5, 409-431

enhancing therapy against MDR and metastasis. This nano-
carrier, loaded with nitric oxide and doxorubicin, effectively
suppressed ATP production, impaired mitochondrial function,
and overcame MDR by inhibiting P-glycoprotein activity. Nitric
oxide also hindered tumor-derived microvesicle formation,
subsequently reducing metastasis. They found that subcellular
targeting of mitochondria in the acidic cancer microenviron-
ment led to better therapeutic outcomes.'*®

As briefly discussed in the introduction, combinational
therapy has considerable potential for extremely effective can-
cer treatment owing to its unparalleled effectiveness in creating
synergistic effects and conquering MDR."** Chen et al. (2017)
developed a multi-organelle-targeting sequential drug delivery
system called “DGLipo NPs”. This system effectively treated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Modes of action of various nanoplatforms to overcome MDR

Sr.

no. Nanoplatform Cancer cell Mode of action Ref.
1.  ROS responsive TPP-DOX@HA-PBPE ~ MCF7/ADR Evading P-glycoprotein facilitated drug efflux 106

(resistant breast
cancer cell)

2. PTX-ss-BBR A549 (lung cancer Dissipating the mitochondrial membrane potential and upregulating 107
cell) ROS production and thereby eliciting apoptosis

3. BIBR1532-loaded peptide dendrimeric MCF-7R (resistant B-PDPN broadly inhibits telomerase, diminishing hTERT protein’s 108
prodrug nanoassembly breast cancer cell) mitochondrial defence. This boosts ROS, causing DNA harm and
(B-PDPN) apoptosis

4.  Dual targeting nanocarriers DT-NP to MCF-7/ADR DT-NP effectively eradicates MCF-7/ADR cells via targeted DOX release 109
load ROS-responsive pro drug B-DOX. in mitochondria, ROS generation, and GSH reduction

5.  TPH/PTX nanomicelles A549/ADR TPH/PTX induces mitochondrial outer membrane permeabilization 110

by reducing antiapoptotic Bcl-2, leading to cytochrome ¢ release and
activating caspase-3 and caspase-9

MDR in cancer as well as monitored Cyt-C release during
apoptosis. “DGLipo NPs” achieved precise subcellular drug
delivery via ¢(RGDfK) on the liposomal shell and mitochondria
penetrating peptide (MPP) on the DGL core. The pH/CytC
responsiveness triggers coordinated release of RA-V and Dox,
enhancing subcellular combination treatment efficiency and
overcoming MDR in tumor.'® The use of mitochondria-
targeted nanoparticles as a prospective technique for overcom-
ing MDR in cancer therapy is depicted in Table 1.

To summarize, harnessing mitochondria-targeting nano-
particles emerges as a promising strategy to overcome MDR
in cancer therapy. Precise mitochondrial delivery via nano-
particles effectively evades drug efflux mechanisms, thereby
augmenting therapeutic efficacy. This mitochondrial targeting
approach holds potential for synergistic combination thera-
pies, providing innovative solutions to MDR challenges. The
evolving convergence of precision medicine and nanomedicine
stands poised to revolutionize cancer treatment, transcending
MDR and advancing patient outcomes.

6.2. Enhancing drug delivery: nanoparticles targeting
mitochondria to overcome lysosomal barriers in chemotherapy

During treatments, the unintended or non-targeted distribu-
tion of chemotherapeutic agents reduces their efficacy and
potentially increases toxicity. Such drugs harm both cancerous
and healthy cells, resulting in side effects such as nausea,
vomiting, hair loss, and immunosuppression. Non-targeted
administration and premature delivery of drugs predominantly
lead to drug resistance, as cancer cells develop resistance to
treatment after repeated exposure.”’ Consequently, developing
precise drug delivery vehicles that specifically target the mito-
chondria of malignant cells is imperative for effective cancer
therapy.'"*

Achieving precise drug delivery within subcellular organelles
is a fundamental requirement for the effectiveness of nano-
carriers. Mitochondria, having a crucial role in regulating
apoptosis, represent a significant target for inducing tumor
cell death by disturbing mitochondrial ROS balance during
cancer treatment.'"” Nevertheless, a significant hurdle in the
utilization of nanoparticles for drug delivery lies in the barrier
posed by lysosomes. When taken up by cells, nanoparticles are

© 2024 The Author(s). Published by the Royal Society of Chemistry

transported to lysosomes, where they may undergo degradation
by lysosomal enzymes. This process can lead to a decline in the
effectiveness of the delivered drugs."*® Drug leakage into the cyto-
plasm and lysosomes remains a challenge with mitochondria-
targeted nanoparticles."** Therefore, achieving responsive drug
release within mitochondria is of great importance. The rationale
for fabricating pH-responsive nanocargos is that the mitochon-
drial matrix maintains a slightly basic pH range of 7.5-8.2''> due
to the expulsion of protons into the intermembrane space during
ATP synthesis. In cancer cells, heightened negative polarization
of the mitochondrial membrane further elevates the matrix pH,
rendering it more alkaline compared to normal cells."'® Both the
mitochondrial microenvironment and external stimuli serve as
crucial triggers for designing responsive drug delivery systems
tailored for cancer treatment."”” Researchers are actively directing
their efforts toward exploiting endogenous tumor matrix stimuli
to amplify drug release at specific sites (Fig. 2A)."'® In 2019, Yanan
et al. developed Dox-loaded IR780-CSOSA micelles to target the
mitochondria and avoid the lysosomes of MCF-7 and HepG2
tumors. This led to photothermal conversion and controlled
drug release upon NIR-laser exposure. The combined effect of
photothermal-triggered drug release and heat stress within tumor
mitochondria synergistically enhanced ROS generation, notably
expediting apoptosis in the surrounding sublethal area.'™

Yanan et al. (2017) utilized the alkaline pH environment
within cancer cell mitochondria as a stimulus for drug release.
They developed pH-responsive CTPP-CSOSA-Cela micelles,
demonstrating an impressive 80.17% tumor inhibition rate
compared to the standard Cela drug. When tested against
MCF-7 and A549 cancer cells, these micelles exhibited faster
drug release at pH 8 than at pH 5 and 7. This pH-sensitive
behavior minimized drug leakage in the cytoplasm and lyso-
somes, facilitating accurate drug delivery to the mitochon-
dria and thereby escaping the lysosomal degradation of
drugs. Simultaneously, the drug-loaded micelles enhanced
ROS production, inducing oxidative stress. This heightened
ROS generation triggered the release of cytochrome c, a crucial
factor promoting apoptosis. The orchestrated mechanism
of drug release and ROS-mediated apoptosis culminated
in significantly enhanced therapeutic efficacy against cancer
cells."®
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Nanoparticles facilitate the meticulous delivery of cancer
drugs to mitochondria, mitigating toxicity and augment-
ing effectiveness. Responsive systems use the endogenous
environment of the tumor for controlled drug release. These
approaches, involving targeted localization, controlled release,
and therapies like photothermal and apoptosis induction, show
promise for enhanced cancer treatment.

6.3. Mitochondria-targeting nanoparticles: a paradigm shift
in reducing side effects and toxicity in chemotherapy-based
cancer treatment

As discussed in the earlier sections, conventional chemo-
therapy’s indiscriminate cytotoxicity affects both cancerous
and rapidly dividing non-cancerous cells, leading to side effects
and reduced efficacy. Drug resistance in cancer cells worsens
targeted precision and treatment effectiveness.”’ Stimulating
mitochondria-triggered programmed cell death holds signifi-
cant potential in treating cancer, and there has been a growing
focus on utilizing mitochondria as targets for anti-cancer

DOX

PEG

589 nm Laser

G2
| GO-PEG-SS-HY/DOX

View Article Online

Materials Advances

medications as they possess precise anticancer action and have
less toxicity.*!

Nanoparticles are designed to transport therapeutic agents
like chemotherapy drugs along with targeting components
such as peptides, antibodies, or small molecules.'** These
targeting components bind to mitochondrial receptors over-
expressed in cancer cells. The nanoparticles encapsulate the
therapeutic agents and are coated to improve stability, circula-
tion, and cellular uptake.

This enables specific delivery to cancer cell mitochondria,
reducing side effects and enhancing treatment efficacy (Fig. 3)."**
Cancer cells have altered mitochondrial physiology compared
to normal cells (discussed in Section 3), which creates oppor-
tunities for nanoparticles to be preferentially taken up by
cancer cell mitochondria.’®* Cancer cells are characterized by
higher mitochondrial mass, increased membrane potential,
and altered redox states. Targeting moieties on the nano-
particles recognize and bind to specific receptors or transpor-
ters on the cancer cell surface, facilitating their internalization
into the cell.'*®
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Fig. 3 Mitochondria-targeting hypericin-functionalized graphene oxide enhances synergistic anticancer therapy. The illustration depicts HY-
functionalized graphene oxide loaded with doxorubicin (GO-PEG-SS-HY/DOX) selectively targeting breast carcinoma cells’ mitochondria. The
combination of phototherapy and chemotherapy induces mitochondria-mediated apoptosis, enhanced by upregulated key proteins. Normal cell safety

is confirmed, highlighting the potential of this platform for improved cancer treatment. [Reproduced with permission from,

created with https://BioRender.com.]
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The negative membrane potential and the dense double
membrane of mitochondria make it challenging to develop
ligands that can target them, despite the fact that targeting
mitochondria has become a beneficial approach in cancer
therapy. To improve the efficacy of these mitochondrial
ligands in fighting tumors, they can be linked to nano-
particles.™’

Chao et al. (2018) developed hypericin-functionalized gra-
phene oxide loaded with Dox, which resulted in enhanced
combined anticancer effects of phototherapy and chemo-
therapy without any observed side effects.'*® This was observed
in MD-MB-231 and MCF-7 cells. In addition to that, the
functionalized nanoplatform showed low toxicity toward nor-
mal cells."®® The study by Bajpai et al. demonstrated that
TPP-coated nanoparticles loaded with tigecycline (Mito-TPP-
Tig-NPs) exhibited specific targeting to the mitochondria of
A549 lung cancer cells, surpassing other cationic nanoparticles.
Mito-TPP-Tig-NPs induced damage to mitochondrial morpho-
logy and the generation of reactive oxygen species (ROS).
All mitochondria-targeted nanoparticles loaded with tigecycline
showed enhanced cancer cell killing efficacy in A549 lung
cancer cells and HeLa cervical cancer cells compared to free
tigecycline. Importantly, Mito-TPP-Tig-NPs displayed signifi-
cantly lower toxicity towards noncancerous human embryo-
nic kidney cells (HEK293) in comparison to free tigecycline.
These findings suggest that the use of antibiotic-loaded
mitochondria-targeted nanoparticles holds promise for advan-
cing anticancer therapy.'*®
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In the study by Banik et al., they made a platinum(wv)-based
prodrug called Platin-C that has curcumin as an active ligand.
This prodrug demonstrates enhanced efficacy in cancer cell
lines that are resistant to cisplatin. To deliver Platin-C, a
targeted drug delivery system is utilized, employing biodegrad-
able polymer nanoparticles (NPs) functionalized with TPP.
The NPs exhibit efficient loading and controlled release of the
prodrug, maintaining stability over a week. By using confocal
microscopy, it is confirmed that Platin-C targets the mitochon-
dria with the help of the curcumin pendant. The study high-
lights the mitochondria-directed activity of Platin-C and its NPs
in both cisplatin-sensitive and -resistant cell lines, as well as
their potential to reduce cellular inflammation markers. This
research contributes to the understanding of combining the
effects of chemotherapy and inflammation through the use of
the cisplatin prodrug approach.”*® The dataset presented in
Table 2 provides a detailed overview of the different nanoplat-
forms that are currently being utilized for the targeting of
mitochondria, with a focus on the specific moieties that are
involved in this process.

6.4. Mitochondria-targeted nanoparticles combating tumor
hypoxia in cancer therapy

Hypoxia is a major issue for cancer treatment. Hypoxia devel-
ops in cancer sites with limited oxygen delivery and is a
common characteristic of solid tumors."*® It has been linked
to a poor prognosis in cancer patients and is a significant
impediment to successful cancer treatment with radiation,

Table 2 Diverse ligands immobilized on different nanoplatforms targeting mitochondria and their effective role in the treatment of cancer

Nanoplatform Mitochondrial ligand Cancer cells Role/effects Ref.
NaGdF4:Yb,Er nanocrystals were Triphenylphosphonium  Glioblastoma- The effectiveness of sensitization in both in vitro and 131
modified with a tumor-targeting agent ~ bromide (TPP) multiforme in vivo scenarios was dependent on the degree of
and a mitochondria-targeting moiety (GBM) mitochondrial targeting
Hypericin- functionalized graphene Hypericin MD-MB-231,  The effectiveness of both phototherapy and 126
oxide loaded with Dox MCF-7 chemotherapy against cancer was improved without
any accompanying side effects
Dox-loaded TPCL NPs TPP HeLa, HepG2 The majority of TPCL NPs that were loaded with 132
drugs demonstrated higher efficacy in killing tumors
when compared to the free drugs. Additionally, these
drug-loaded NPs tended to accumulate more in the
mitochondria than the nucleus
DTOS nanoemulsions Dequalinium (DQA) and HeLa The DTOS emulsion remained stable at room 133
a-tocopherol succinate temperature for three years and inhibited 71.5%
(a-TOS) of HeLa cells within 24 hours through effective
mitochondrial targeting
Targeted-dendrimeric curcumin (TDC)  TPP Hepal-6 In Hepal-6 tumor-bearing mice, TDC construct 134
treatment led to noteworthy tumor suppression
and the longest median survival compared to free
curcumin and untargeted constructs
Photosensitizers (IR780) and metformin IR780 MKN-45P By using IR780, a combination of PDT and PTT that 135
packed in PEG-PCL liposomes targets the mitochondria can potentially lead to a
more effective combined therapeutic effect
Mitochondria-targeted bovine serum Rhodamine-110 MCF-7 When exposed to the same near-infrared radiation 136
albumin@copper sulfide conditions, the mitochondria-targeted R-BSA@Cu$S
nanocomposites fight cancer much more effectively
than the non-targeted BSA@CuS nanocomposites
Mitochondria-targeting Cyclometalated Ir HeLa When exposed to an alternating magnetic field 137
magnetothermogenic nanozyme complex (AMF), Ir@MnFe,0, NPs create localized
(Ir@MnFe,0, NPs) heat, damaging mitochondria (MHT effect).
Simultaneously, CDT disrupts cellular redox balance,
increasing cell susceptibility to MHT
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2024, 5, 409-431 | 417
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chemotherapy, and immunotherapy."*>'*° While hypoxia is
lethal to most cells, cancer cells can adapt to survive and even
thrive under hypoxic conditions, making it difficult to effec-
tively treat the tumor."*? Recent research, however, has demon-
strated that nanoparticles may be utilized to specifically target
the mitochondria in cancer cells and transport drugs or other
therapeutic agents directly to these organelles.”’ Additionally,
NPs have the potential to avert hypoxia and, in turn, increase
the efficacy of cancer therapy.'*!

The most prevalent approach for mitigating tumor hypoxia
involves the utilization of nanomaterials to deliver oxygen to a
hypoxic microenvironment. Natural red blood cells (RBCs) play
a vital role in transporting oxygen from oxygen-rich tissues to
oxygen-deprived tissues. Hemoglobin (Hb) within RBCs binds
to four oxygen molecules and readily releases them under
hypoxic conditions to alleviate hypoxia.'** Through chemical
modification or encapsulation using biodegradable materials,
Hb-based oxygen carriers can overcome the limitations of cell-
free Hb systems while maintaining oxygen-carrying capacity
comparable to natural RBCs."**'** Hb-based oxygen carriers
have the ability to penetrate tumor tissues via narrow vascular
structures, effectively delivering sufficient oxygen to hypoxic
tumors.™*

Another strategy is to use nanoparticles that can generate
oxygen within tumor mitochondria, thereby overcoming the
lack of oxygen and making the therapy more effective. Zhen-
gyang et al. (2019) talk about a photodynamic Mn3;0O,-MSNs-
IR780 nanoparticle that can stop MKN-45P cancer cells from
making oxygen by using H,O, to break down tumors and
specifically kill mitochondria. These Mn;O,NPs build up in
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IR780 and O, Release
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tumors and react to the H,O,-rich environment inside the
tumor by turning H,O, into O,, which speeds up PDT. The
nanoparticles release IR780, which targets the mitochondria
and, when hit by a laser, destroys the mitochondria and stops
cells from breathing. This stops tumors from getting hypoxic
for good and improves the outcome of the treatment. In vitro
experiments show that Mnz;O,-MSNs-IR780 can sustainably
inhibit tumor hypoxia and target mitochondria (Fig. 4).*

Ping et al. (2021) came up with a promising way to fight
hypoxia-related tumors. They created a TA-MSN-(a-TOS/ICG)-
TPP mitochondrial-targeted ROS amplifier to improve photo-
dynamic therapy (Fig. 5). It targets mitochondria, blocking the
mitochondrial respiration chain and reducing innate oxygen
consumption while inducing endogenous mtROS accumula-
tion. This improves photodynamic therapy by sparing oxygen
and overcoming the short lifespan and limited action range of
ROS."

Nanoparticles targeting the mitochondria in cancer cells
have shown potential for overcoming hypoxia, a major issue
in cancer treatment. Novel strategies such as hypoxia-activated
prodrugs and oxygen-generating nanoparticles have provided
opportunities for more effective and targeted cancer therapies
with fewer side effects. Further research in this area could lead
to improved cancer treatments.

6.5. Unleashing the full potential of cancer therapy with
mitochondria targeting NPs: boosting drug bioavailability and
reducing rapid clearance

Conventional chemotherapy is a commonly utilized cancer
treatment approach, although it has significant disadvantages,
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Fig. 4 Step-by-step process involved in synthesizing MnzO,@MSNs@IR780, the mechanism of H,O,-induced release of IR780 and O,, and the
procedure for targeted photodynamic therapy (PDT) on mitochondria. Reproduced from ref. 146 with permission from Ivyspring International Publisher,

Copyright 2019 (https://creativecommons.org/licenses/by/4.0/).
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Illustration of targeted ROS amplification for improved PDT in tumor removal. After administration, TA-MSN@(a-TOS/ICG)-TPP nanoparticles

gather in tumors and specifically target mitochondria. The released a-TOS curbs mitochondrial respiration, creating excess oxygen and boosting ROS
production. This surplus oxygen enhances PDT efficacy within oxygen-rich mitochondria. [Reproduced with permission from ref. 147 with slight
modifications from John Wiley and Sons, Copyright 2021; created with https://BioRender.com ]

148,149

including low chemotherapeutic bioavailability. Bioavail-

ability refers to the extent a chemical or medicine becomes
entirely accessible to its designated biological destination."°
Chemotherapeutic drugs have low bioavailability due to their
insufficient solubility, instability, and quick removal from the
body, limiting their efficacy.”"

To address these limitations of conventional chemotherapy
and enhance its efficacy, a promising strategy involves the
utilization of nanoparticles for targeted drug delivery to cancer
cells, thereby increasing drug concentration within the tumor
while minimizing its impact on healthy cells."""

Another critical aspect affecting nanoparticle efficacy is their
size. Smaller particles can damage normal cells and can be
filtered by the kidneys, while larger particles may be cleared
from the circulation by phagocytes.'® The effectiveness of NPs
in drug delivery and therapeutic efficacy is significantly influ-
enced by their surface characteristics, such as their hydrophi-
licity. NPs coated with hydrophilic substances, like PEG, can
avoid clearance by the immune system and thus increase their
half-life and bioavailability in the bloodstream.'®>'>*> There-
fore, NPs are commonly modified to become hydrophilic,
which enhances their penetration and accumulation in tumors,
making them more effective in delivering drugs.

Mitochondrial-targeted drug delivery has a lot of potential
for resolving the problem of rapid drug clearance from the

© 2024 The Author(s). Published by the Royal Society of Chemistry

circulation, which is a prevalent issue in cancer therapy. In this
strategy, nanoparticles are created to contain and transport
medications selectively to cancer cells’ mitochondria, taking
advantage of the high mitochondrial density found in these
cells.’®™'>® When drugs are delivered through conventional
methods, they are often rapidly cleared from the bloodstream,
leading to poor bioavailability and reduced efficacy.">* Unlike
traditional drug delivery approaches, which frequently result in
rapid drug clearance, mitochondria-targeted nanoparticles pro-
vide enhanced drug retention and tailored administration.'*?
By targeting the mitochondria, these nanoparticles can improve
the delivery of drugs to cancer cells while minimizing the
exposure of healthy cells to the drugs.'*> When compared to
traditional drug delivery methods, this focused strategy may
result in better therapeutic effectiveness and lower adverse
effects.

Positively charged nanoparticles can evade phagocytic clear-
ance, but they may interact with blood components, leading to
hemolysis and toxic effects on normal cells."®® Charge-reversal
materials have been employed to address these issues. In
physiological tissues, negatively charged nanoparticles evade
opsonin interactions and MPS clearance. However, in the
mildly acidic tumor microenvironment, these particles undergo
charge reversal to become positively charged, facilitating inter-
action with the negatively charged cell membrane'®® (Fig. 6).
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Fig. 6 Schematic illustration of how charge reversal particles with a negative charge can effectively evade interaction with opsonin and clearance by the
mononuclear phagocyte system (MPS). However, in the mildly acidic environment of a tumor, these particles undergo a charge reversal, becoming
positively charged. This positive charge enables them to interact with the negatively charged cell membranes. Reproduced from ref. 155 with permission

from Science Direct, Copyright 2021.

In notable research, Hui et al. (2019) developed a DOX-PLGA,
CPT, and PD nanoparticle coated with an acidity-triggered
cleavable polyanion. This innovative design addressed rapid
clearance in the bloodstream by utilizing the surface negative
charge of DOX-PLGA/CPT/PD, thereby enhancing accumulation
within tumor tissue. In the slightly acidic environment of
tumor tissue, DOX-PLGA/CPT/PD underwent conversion to
DOX-PLGA/CPT through hydrolysis of amide bonds in PD.
The resulting nanomedicine effectively targeted mtDNA in
tumor cells, inducing apoptosis and overcoming DOX resis-
tance in MCF-7/ADR breast cancer cells."””

Zhou et al. (2017) developed a redox-triggered intracellular
activation of mitochondria targeting nanocarriers, which increased
the anticancer efficacy of paclitaxel against MCF-7. LPNPs consisted
of PLGA, DLPE-S-S-mPEG4000, and C18-PEG2000-TPP. PEG4000
surface coating masked TPP’s positive charge for tumor accumula-
tion. Detachment of PEG4000 under reductive conditions inside
cancer cells exposed LPNP’s surface charge, leading to quick and
precise localization in mitochondria.’*®

6.6. Targeting mitochondria with nanoparticles: a solution
for tumor heterogeneity in cancer treatment

Intratumoral heterogeneity (ITH) refers to genetic variations
within tumors, causing disparities between cell populations
and posing challenges in cancer therapy, potentially leading to
intrinsic and adaptive drug resistance and poor patient
outcomes." Almost all cancer forms have cell-to-cell differences
in “genetic signature, expression of genes, and post-translational
alterations”."®

The cancer stem cell model is one of two models used to
explain the heterogeneity of tumor cells.’® According to this
concept, only a few cancer cells can self-renew indefinitely and
hence commence and sustain tumor development.'®® As a
result, tumor-initiating stem cells, also known as cancer stem
cells (CSCs), evolve and develop over time, contributing to
cancer heterogeneity.'® CSCs are typical cells seen in cancer
tissues that have an infinite proliferation capacity and can
cause carcinogenesis. Abnormalities in metabolism, proliferation,
and apoptosis are observed in CSCs, leading to pathological

420 | Mater. Adv., 2024, 5, 409-43]1

reprogramming, including remodeling of mitochondrial
functions.'®* Mitochondria-targeted anti-CSC therapies are
being developed to combat cancer by targeting the central role
of mitochondria in CSCs.'®*'®® Ma et al (2013) designed
specialized liposomes containing berberine, utilizing a
mitochondria-targeting compound called dequlinium and car-
boxyl polyethylene glycol-distearoylphosphatidylethanolamine
(DQA-PEG2000-DSPE). These liposomes effectively entered can-
cer stem cells and specifically accumulated within mitochon-
dria. This led to the enhanced release of cytochrome c,
triggering apoptosis in breast CSCs.

Choi et al. (2019) investigated the use of reduced graphene
oxide-silver nanoparticle nanocomposites (rGO-Ag) to target
and eliminate cancer stem cells (CSCs), offering an alternative
to conventional chemotherapy. The nanocomposites were
synthesized using R-phycoerythrin (RPE) as a biomolecule
mediator and evaluated in human ovarian cancer cells and
ovarian cancer stem cells (OvCSCs). The results demonstrated
that rGO-Ag displayed significant toxicity towards both ovarian
cancer cells and OvCSCs. Incubation of OvCSCs with rGO-Ag for
three weeks resulted in a notable reduction in the number of
A2780 and ALDH+CD133+ colonies. The toxicity of rGO-Ag was
attributed to its ability to generate reactive oxygen species,
induce lactate dehydrogenase leakage, reduce mitochondrial
membrane potential, and enhance the expression of apoptotic
genes, leading to mitochondrial dysfunction and potential
apoptosis induction. Additionally, rGO-Ag exhibited substantial
cytotoxicity against highly tumorigenic ALDH+CD133+ cells.
Combining rGO-Ag with salinomycin resulted in significantly
higher levels of apoptosis compared to individual treatments,
suggesting a potential strategy for selectively eliminating
OvCSCs and sensitizing tumor cells. Overall, rGO-Ag shows
promise as a novel nanotherapeutic agent for specifically
targeting highly tumorigenic ALDH+CD133+ cells and eradicat-
ing CSCs, thus highlighting its potential for targeted therapy of
tumor-initiating cells (Fig. 7).

Zhang et al. (2012) created specialized liposomes containing
quinacrine, incorporating a targeting element, dequalinium,
on the surface. Dequalinium’s positive charge facilitated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The mechanism by which rGO-Ag and salinomycin elicit toxicity and death in ovarian cancer cells and OvCSCs. Reproduced from ref. 166 with
permission from MDPI, Copyright 2018 (https://creativecommons.org/licenses/by/4.0/).

mitochondrial accumulation due to its membrane potential.
These modified liposomes notably suppressed MCF-7 cancer
stem cells by activating pro-apoptotic BAX, lowering mitochon-
drial potential, releasing cytochrome c via translocation, and
initiating caspase cascade reactions through drug aggregation
within mitochondria.'®”

Another study by Zhao et al. (2019) analyzed the mechanism
of action of Sal-AuNPs and indicated ferroptosis, an iron-
dependent cell death of breast cancer stem cells, which was
achieved as a result of iron accumulation and inhibition of
antioxidant properties. This also led to the induction of oxida-
tive stress, mitochondrial dysfunction, and lipid oxidation.'®®

In conclusion, the development of mitochondria-targeting
nanoparticles holds great promise for addressing intratumoral
heterogeneity in cancer therapy, particularly in targeting cancer
stem cells, and may pave the way for more effective and
personalized cancer treatments.

6.7. Revolutionizing cancer treatment monitoring through
mitochondria targeting nanoparticles

Conventional cancer treatments such as PTT, PDT, chemo-
therapy, and radiation therapy have several limitations when
it comes to real-time in situ monitoring of their effectiveness."®
One of the major issues is that these therapies may impact both
healthy and malignant cells, making it difficult to assess
whether the treatment is effective or creating detrimental side
effects.”” Furthermore, cancer therapies may not be advanta-
geous for all forms of cancer since cancer cells become resistant
to therapy and individuals respond differently to treatment.

© 2024 The Author(s). Published by the Royal Society of Chemistry

As a consequence, personalized medicine is an important
approach to consider in cancer treatment. Therefore, there is
a need for more innovative and personalized approaches for
real-time monitoring of cancer treatment that can overcome
these limitations and provide more accurate and effective ways
to track treatment response.

Considering this scenario, Wang et al. (2020) developed
mitochondria targeting single-component organic nano-
particles against HeLa cancer cells. After being irradiated with
a single 808 nm laser, nanoparticles were able to produce
outstanding second near-infrared fluorescence signals for ima-
ging and real-time monitoring of tumor therapy, as well as high
photothermal conversion efficiency and singlet oxygen yield.
This led to hyperthermia and abundant singlet oxygen, result-
ing in mitochondrial dysfunction and cell apoptosis."”°

Tong et al. (2019), in a different study, developed a novel
nanoparticle for targeted activation of fluorescence signals and
photodynamic efficacy in cancer cells. The nanoparticle was
pH-responsive and composed of a fluorescent copolymer and
a mitochondria-targeted photosensitizer. The nanoparticle
exhibited enhanced fluorescence signal and singlet oxygen
generation in an acidic environment and was quickly endocy-
tosed by cancer cells. The activated photosensitizer induced
intrinsic apoptosis in cancer cells, leading to remarkable inhi-
bition of tumor progression without toxicity."”*

Juan et al. (2016) have created a new single-component black
titanium (B-TiO,-x) nanoplatform for imaging-guided cancer
therapy. It showed high stability and compatibility and absorbed
NIR to UV light. The nanoplatform achieved simultaneous and
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synergistic PTT/PDT with high therapeutic efficacy under infrared
thermal/photoacoustic dual-modal imaging guidance, triggered
by a single NIR laser. This research overcomes the limitations of
multi-component nanocomposites, UV light, and high laser power
density.'”>'”® Recent research has yielded encouraging results in
the production of targeted nanoparticles for real-time cancer
monitoring and therapy, with mitochondria-targeted and pH-
responsive nanoparticles being especially successful. These novel
techniques have the potential to revolutionize cancer therapy
monitoring and result in better outcomes for patients.

6.8. Navigating cellular barriers: nanoparticles for precise
mitochondrial treatment

Mitochondria, the cellular organelles responsible for energy
production, consist of two bilayers and possess the largest
membrane potentials within the cell. This electrochemical
gradient allows for the selective accumulation of cationic
molecules, which serve as critical monitors of mitochondrial
polarization.®” Interestingly, in cancer cells, there is an abnor-
mal accumulation of cytotoxic cationic molecules, which can be
attributed to a more negative membrane potential in their
mitochondria.*” This phenomenon has important implications
for the development of targeted cancer therapies.

Functionalized nanoparticles can be designed with a posi-
tively charged surface, which allows them to interact with the
negatively charged mitochondrial membrane."”* This inter-
action occurs via electrostatic forces, which can facilitate the
delivery of therapeutic agents into the mitochondria. The
positively charged nanoparticles can electrostatically adhere
to the negatively charged mitochondrial membrane and then
be internalized into the mitochondrial matrix."’* This allows
for targeted drug delivery to the mitochondria, where the drug
can exert its therapeutic effect. The use of positively charged
functionalized nanoparticles has been shown to be an effective
approach to deliver therapeutics to the mitochondria and
induce cancer cell death.>>*°

Jia et al. (2019) created mitochondria-targeting nanodrugs
against A549 cancer cells that were modified with DSPE-
PEG2000 to enhance stability. The nanodrugs were then coated
with negatively charged hyaluronic acid to accomplish cancer
targeting. The HA coating was engineered to breakdown in
cancer tissue by HAase, exposing the positively charged PEG/BD
NDs to cells for absorption and subsequent lysosomal escape
and mitochondrial targeting. The nanodrugs were discovered
to cause apoptosis in A549 cancer cells by dissipating mito-
chondrial membrane potential and releasing cytochrome c,
causing programmed cell death.'”>

A study conducted by Lei et al. (2020) aimed to improve the
effectiveness of mitochondrial targeting drug delivery systems
against the PANC-1 tumor by developing novel polysaccharide-
based nanoparticles with tumor microenvironment-responsive
charge-reversal and mitochondrial targeting abilities. The
nanoparticles were loaded with curcumin and had a positively
charged core with a pH-sensitive borate ester bond and a
negatively charged shell. In vitro experiments showed that the
nanoparticles achieved charge-reversal and released more
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curcumin in the acidic tumor microenvironment, effectively
delivering the drug to the mitochondria and enhancing
cytotoxicity.'”®

Nanoparticles that have been modified and have a positively
charged surface could be very useful for delivering drugs
specifically to mitochondria, especially in cancer cells that have
a negative membrane potential. Negatively charged coatings or
charge-reversal nanoparticles that can respond to the micro-
environment of the tumor can make these drug delivery sys-
tems more specific and effective, which could lead to promising
results in killing cancer cells.

Table 3 presents a comprehensive dataset of the diverse
range of nanoplatforms currently being utilized to target mito-
chondria, addressing the current limitations of cancer therapy.
The information provided covers a wide spectrum of applica-
tions, making it a valuable resource for researchers and clin-
icians seeking to optimize cancer treatment strategies through
nanotechnology.

7. Enhancing functional efficiency in
cancer treatment through
mitochondrial-targeted
multifunctional nanoplatforms

Multifunctional nanoparticles are a new and advanced way to
treat cancer. They combine different functions into a single
carrier to improve tumor management by blocking, tracking,
and changing the microenvironment. Rooted in organic, inor-
ganic, or biomimetic backbones, these nanoparticles provide
platforms for diverse functional attachments. Challenges
encompass streamlining formulation, ensuring cooperation
among functions, and yielding simplicity in preparation.”*2%%
Despite these limitations, recent research has yielded promising
multifunctional nanoparticles with substantial potential for var-
ious aspects of cancer treatment.”***°” Additionally, nanoparticle-
based anti-cancer platforms exhibit novel and efficacious thera-
peutic approaches characterized by reduced invasiveness and
toxicity. Their elevated water solubility eliminates the need for
toxic organic solvents, while controlled release, guided by pH or
external stimuli, mitigates premature drug detachment as well as
lessens systemic toxicity.>**>"* Building upon the multifunctional
potential of nanoparticles in cancer therapy outlined in the afore-
mentioned paragraph, recent advancements have led to specific
breakthroughs in targeted drug delivery. Notably, Fang et al. (2019)
achieved significant progress by developing pH-responsive charge-
reversal nanoparticles, referred to as B6-oHA-SS-Ber, which offer a
refined approach to enhancing the efficacy of anticancer drug
delivery. They created these nanoparticles for targeted anticancer
drug delivery to mitochondria. Through conjugation with vitamin
B6 and berberine, these nanoparticles self-assembled into micelles
with a hydrodynamic diameter of 173 £+ 13 nm. In vitro and in vivo
assessments confirmed their superior cytotoxicity, uptake, lysoso-
mal escape, mitochondrial distribution, and tumor growth inhibi-
tion compared to alternative formulations.'**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comprehensive details of various nanoplatforms for overcoming ailments in cancer treatment

Nanoplatform Issue addressed Rectification Ref.
Nitric oxide-releasing nanosystem activated by MDR Cu,_,Se can generate heat through photothermal 177

photothermal energy (Cu,_,Se@SiO,)

Nanoparticles composed of chondroitin sulfate
that are redox-responsive

Light-activated ROS-responsive polymer micelle
nanoplatform

GQD with ruthenium nitrosyl functionalization

ROS-triggered TPP-TK-CPI613 nanoplatform

Dendritic polyglycerol-conjugated gold nanostars
(GNSs-dPG-3BP, TPP, and HA)

Carbon-silica nanocapsules with a gold core

Supramolecular nanoplatform for
peroxynitrite-potentiated oxidative therapy

IR780 and 3BP in PLGA nanocarriers

H,0,-activatable BDPP NPs

MDR, unintended delivery
and lysosomal escape

MDR, short-term
circulation

Unintended delivery, side
effects, and reduced
bioavailability

Unintended delivery,
reduced bioavailability

Reduced bioavailability,
tumor heterogeneity

Inability to monitor
treatment response,
off-target toxicity

Unintended delivery, side
effects, and off-target
toxicity

Inability to monitor
treatment response,
hypoxic tumor
environment

Hypoxic tumor
environment

© 2024 The Author(s). Published by the Royal Society of Chemistry

conversion in the acidic surroundings of tumor cells,
which enhances the release of DOX and triggers NO gas
generation. The liberated "NO’ may trigger mitochondrial
malfunction, inhibiting ATP production and drug efflux
and therefore circumventing MDR

When subjected to NIR laser irradiation, P-gp activity is
down-regulated and cellular ROS are produced. This
causes a reduction in mitochondrial membrane potential
and enables lysosomal escape of the drug

Because chondroitin sulfate has a negative poly-
saccharide component, nanocarriers may extend the time
that blood flows, target MCF-7/ADR cells specifically, and
produce ROS when exposed to 635 nm red light. This
causes apatinib and DOX to be released from micelles.
Apatinib inhibits Pgp to recover chemosensitivity to DOX,
while excessive ROS induces the PDT effect, leading to
cell apoptosis

A fluorescently trackable nanoplatform targets mito-
chondria in cancer cells. It releases ‘NO’ and creates a
photothermal reaction when exposed to 808 nm NIR
light, resulting in anti-tumor effectiveness in vitro and
in vivo

The TTCI nanoparticles are very good at targeting
mitochondria, so they build up much more in mito-
chondria. This makes it possible to deliver therapeutic
agents very precisely

Particles can bind to mitochondria more strongly
through 3BP, which stops metabolism and kills cells by
releasing cytochrome c. It improves the therapeutic
efficiency of targeted PTT while also having a synergistic
impact on the elimination of breast CSCs

The nanocapsule is multifunctional and can release
drugs in response to NIR light and pH changes. It can
deliver drugs precisely to specific areas while protecting
healthy tissues. The nanocapsule kills HepG2 cells by
increasing ROS levels and lowering the potential of the
mitochondrial membrane. Furthermore, it is a multi-
modal imaging agent for CT and PAT imaging, which can
be used to guide therapy

A combined NO-based oxidative therapy uses a drug
nanocarrier that targets mitochondria along with a GSH-
sensitive NO donor and a pH-sensitive CA prodrug. CA
causes ROS to be made in mitochondria, and NO only lets
it out in mitochondria to lower GSH levels and make
ONOO—, which helps oxidative therapy work and causes
mitochondria to die

Because of the inherent properties of IR780, nano-
platforms can penetrate deep into the internal areas of
tumors and stay in mitochondria. The addition of 3BP
suppresses the utilization of oxygen in tumor cells by
blocking the mitochondrial respiratory chain, leading to
an increase in ROS production. Furthermore, 3BP
inhibits tumor cells’ high glycolytic ability, causing ATP
synthesis to collapse and boosting tumor cell sensitivity
to PDT. The nanoplatforms also function as a dual-modal
imaging guidance and monitoring agent, capable of PAT
and fluorescence imaging

The lipophilic shells of BDPP NPs may not stop intra-
cellular H,0, from getting through. This could make O,
and break up the NPs so that the photosensitizer can get
into tumor cells. This is because of the mitochondrial-
specific feature and H,0,-controllable O, production,
which make the medicine work better both in the lab and
in living organisms. The constant creation of O, by BDPP
NPs throughout the PDT process addresses the issue of
oxygen overconsumption in PDT, thereby improving the
PDT efficiency of cancer treatment
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Nanoplatform

Issue addressed

Rectification

Ref.

TPP-TK-PPa/DEM NPs

The fabrication of biomimetic NPs
(oxygen tank NPs) by AIP and RBCm

Copper-based chalcogenide nanoplatform

(CuS-NiS,)

GNPs-P-Dox-GA

Nanoparticles with pH-responsive charge
inversion and mitochondrial targeting

(B6-0HA-SS-Ber)

Mitochondria-targeting camptothecin
polyprodrug system (MCPS)

WSSe/MnO,-INH-TPP@CM

PF127/me-IR825 NPs

Cetyltrimethylammonium chloride-loaded
mesoporous silica nanoparticles

X-ray activated gold nanorod-encapsulated

liposome

424 | Mater. Adv, 2024, 5, 409-431

Hypoxic tumor
environment

Hypoxic tumor
environment

Inability to monitor
treatment response,
ROS issues

Unintended delivery, MDR

Lysosomal escape, unin-
tended delivery, and
reduced bioavailability

Mitochondria membrane
barrier and toxicity

Inability to monitor
treatment response, ROS
issues

Inability to monitor
treatment response

Mitochondria membrane
barrier, unintended
delivery

Mitochondria membrane
barrier, unintended
delivery

NPs can produce ROS in situ during PDT, which lowers
ROS utilization by lowering intracellular GSH levels after
being taken inside cells through the slow release of DEM.
ROS production during PDT causes significant alterations
in mitochondrial membrane potential and shape,
eventually leading to apoptosis

PFC provides high-capacity external oxygen, whereas ATO
slows mitochondrial respiration and mitigates endogen-
ous oxygen consumption. These oxygen regulators may
fix hypoxia and show stronger anti-tumor activity through
mitochondria-targeted PDT with IR780

Under NIR irradiation, CuS-NiS, causes ROS production,
which leads to death via the “Bcl-2/Bax” route in human
gastric cancer cells. Furthermore, CuS-NiS, coupled with
NIR laser therapy induces necroptosis in tumor cells by
modulating the MLKL/CAPG pathway. According to MRI,
CuS-NiS, demonstrates good contrast enhancement
GNPs-P-Dox-GA NPs are converted to tiny particles to
release tiny P-Dox-GA particles for effective tumor
permeation of tissue. After internalization, Dox-GA is
effectively supplied to mitochondria via GA mediation.
In drug-resistant HepG2/ADR cells, GNPs-P-Dox-GA had
higher cellular uptake, mitochondrial distribution, and
ROS generation levels, as well as a lower efflux rate,
compared with non-GA-modified carriers

The carrier material had a pyridine structure that was
sensitive to pH and a disulfide bond that was sensitive to
reduction. It also had a surface charge that could change
from negative to positive as pH dropped, which helped
cells take it in. The positively charged B6 facilitated
lysosomal escape

MCPS might be able to make water-soluble micelles made
of a single molecule that are very stable. This could help
drugs stay in tumor cells longer. TPP also promotes the
transport of CPT into mitochondria. An intracellular
reductant can rupture the disulfide link in MCPS,
resulting in increased degradation of mitochondrial DNA
and cell death caused by a high amount of ROS

MnO, consumes GSH to yield Mn**, which functions as a
catalyst for INH to produce hydroxyl radicals, which
eventually cause cell death. WSSe also offers high PTT
performance and CT imaging capacity, as well as cancer/
mitochondria dual-targeting potential. Being able to
make hydroxyl radicals efficiently and accumulate in
tumors efficiently leads to an effective effect that stops
tumor growth

The NPs have two fluorescence emissions, making them
appropriate for both in vitro and in vivo imaging. They
have high NIR absorption and are useful for cancer
detection and treatment. They are also biocompatible
and safe, which bodes well for mitochondrial imaging,
the initial stages of cancer detection, and targeted cancer
therapy

These nanoparticles are easy to take up by cells and build
up in the cytoplasm because they are of the right size and
can move through cells with the aid of HSA receptors. The
positively charged CTAC may be able to target the mito-
chondria well by interacting with their negatively charged
membrane, which hinders mitochondrial function and
lowers the levels of both intracellular ATP and mitochon-
drial potential. MCF-7 cells could die as a result of this
Biodegradable liposome with a size of about 150 nm that
contained a photosensitizer (verteporfin) and gold
nanorods to enhance radiation. The liposome also had
triphenylphosphonium to target mitochondria. The
nanoconjugates were able to produce a high amount of
harmful singlet oxygen specifically within the mitochon-
dria when exposed to X-ray radiation, leading to the dis-
ruption of the membrane potential and eventually
causing cancer cell death through apoptosis
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Nanoplatform Issue addressed

Rectification Ref.

Mitochondria-targeted triphenylphosphine (TPP)
and AS1411 aptamer-conjugated Au-TiO, NSs
nanoplatform (Au-TiO,-A-TPP)

NIR light-regulated PDT nanoplatform
(TPP-UCNPs@MOF-Pt)

Diketopyrrolopyrrole-based photosensitizer,
mitochondria-targeting organic nanoparticles
(DPP,+ NPs)

Off-target toxicity,
unintended delivery

Mitochondria targeting nanoprobe Off-target toxicity,

unintended delivery

Fluorescent small-molecule (cy-r)-decorated iron
oxide nanoprobes (Cy@Fe;0,)

Inability to monitor
treatment response,
unintended delivery

Biogenic zinc oxide nanoparticles (ZnO NPs) with

the aqueous leaf extract of Annona muricata off-target toxicity

Docetaxel (DTX) is a potent anticancer agent used broadly
but hindered by solubility and toxicity issues. Recent advance-
ments in drug delivery systems (DDS) and nanotechnology have
tackled these challenges. Innovative DTX DDS aim to enhance
solubility, minimize dose-dependent effects, and improve
targeted tumor delivery, resulting in better biodistribution
and retention. Advancements in drug delivery have trans-
formed cancer therapy, addressing challenges associated with
potent agents like docetaxel (DTX). These innovations improve
solubility, minimize toxicity, and enhance targeted treatment,
as exemplified by synergistic approaches in specific cancers.”*>
Chen et al. (2020) found that standard docetaxel-based chemo-
therapy for prostate cancer faces challenges such as nonspecific
targeting, drug resistance, and adverse effects. To address this,
synergistic combinations with natural compounds like epigal-
locatechin-3-gallate (EGCG) have been explored. Yet, poor bio-
availability and distribution limit success. A solution emerges
through TPGS-conjugated hyaluronic acid and fucoidan-based
nanoparticles, encapsulating EGCG and docetaxel. These nano-
particles stop the G2/M cell cycle and stop tumor growth
in living things by following pH-sensitive release and cancer
cell recognition. This multifunctional nanoparticle system
enhances drug synergy, revealing promising potential for
prostate cancer treatment.**?

© 2024 The Author(s). Published by the Royal Society of Chemistry

Lack of precision in SDT,
short-term circulation

Hypoxic tumor environ-
ment, unintended delivery

Unintended delivery,

The nanoplatform displayed excellent biocompatibility,
extended circulation duration, and CT imaging
capability. It completely inhibited tumor development in
both in vitro and in vivo studies, owing to its high ROS
yield and dual-targeting capacity

The nanoplatform efficiently treats tumor hypoxia by
transforming H,0, into oxygen and boosting ROS levels,
which improves PDT efficacy when exposed to NIR light.
The mitochondria-targeting characteristic causes
significant depolarization of the mitochondrial
membrane and activation of the apoptotic pathway,
which increases the therapeutic effectiveness even more
DPP2+ NPs have high cytocompatibility and can generate
thermal energy and singlet oxygen when exposed to
irradiation. Furthermore, these NPs have a greater
probability of entering cells and preferentially target
mitochondria, implying that they might be used in
mitochondrial photodynamic treatment

The designed nanoprobe has a size of less than 10 nm
and is terminated with arginine or guanidinium, which
enables it to penetrate the cell membrane directly and
target mitochondria. This offers a promising approach
for mitochondrial drug delivery and therapy
Mitochondria-specific “fluorescent cyanine dye-based
nanosystem” penetrates cancer cells via the organic
anion transporting polypeptide channel and attaches to
mitochondria as a result of its intense contact with the
negatively charged membrane of mitochondria. This dye
functions as a small-molecule ligand with tumor-
targeting and self-reporting features, allowing for a
traceable method for organelle-targeted drug
administration in vivo

Biocompatible and hemocompatible NPs cause depolar-
ization of the mitochondrial membrane potential of A549
and MOLT4 cancer cells leading to apoptosis induction in
cancer cells

199

200

201

202

Targeting mitochondria offers a promising strategy to
mitigate tumor hypoxia, as mitochondrial inhibitors have been
shown to reduce the oxygen requirements of tumor cells.>**
Lv et al. (2022) introduced a novel strategy to enhance cancer
treatment by overcoming the limitations of existing hypoxia-
based therapies. A specialized nanoplatform was developed,
combining photodynamic therapy, photothermal therapy,
and hypoxia-activated chemotherapy for more effective cancer
treatment. The nanoplatform utilizes polydopamine-coated
hollow copper sulfide nanoparticles to deliver a hypoxia-
activated prodrug (TH302). Through targeted accumulation in
mitochondria, the nanoplatform maximizes drug efficacy and
avoids resistance issues. By using specific lasers, the nanoplat-
form generates reactive oxygen species and increases hypoxia,
amplifying the anti-tumor effects of TH302. Both in vitro
and in vivo experiments demonstrate significantly improved
anti-cancer activity compared to traditional hypoxia-related
treatments. This innovative approach highlights the potential
of combining hypoxia-activated drugs with phototherapy
for synergistic cancer therapy.>"® In conclusion, these studies
provide compelling evidence for the efficacy of multifunctional
nanoparticles in revolutionizing cancer treatment, offering
improved drug delivery, reduced toxicity, and enhanced thera-
peutic outcomes.
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8. Conclusions

In the sphere of cancer therapy, the utilization of nanoparticles
as targeted delivery systems has unlocked remarkable potential
for precise and effective treatments. Being able to get through
cell barriers like the plasma membrane and lysosomal com-
partments while also taking advantage of the unique traits of
cancer cells, like how their mitochondrial functions have
changed, could revolutionize the way we treat cancer. The
development of mitochondria-targeting nanoparticles has led
to a new era of therapeutic strategies, one that addresses
challenges across different dimensions of cancer treatment.

Adding nanoparticles to cancer treatment not only makes
drugs more bioavailable, but it also makes it possible for drugs
to be released in a controlled and responsive way inside cells.
These nanoparticles deliver drugs precisely while avoiding
breaking down too quickly by using pH and ROS levels that
are already present in the tumor. By carefully releasing drugs
into mitochondria, which is where apoptosis and energy reg-
ulation happen in cells, cancer treatments can work much
better while being less harmful to healthy tissues. Additionally,
nanoparticles’ ability to combat tumor hypoxia, a formidable
obstacle in cancer treatment, is evidence of their versatility.
Therapies like PDT that would otherwise be ineffective can now
target mitochondria and produce oxygen inside these orga-
nelles. Nanoparticles have demonstrated their potential not
only in inducing apoptosis but also in addressing the complexity
of cancer heterogeneity, targeting cancer stem cells, and over-
coming intrinsic and adaptive drug resistance.

The fusion of multifunctionality and nanoparticle techno-
logy heralds a new frontier in cancer treatment. Nanoparticles
equipped with multiple functionalities offer a holistic approach
to therapy by suppressing tumors, tracking treatment
responses, and modulating the tumor microenvironment. The
integration of pH-responsive charge-reversal systems, synergis-
tic drug combinations, and hypoxia-activated therapies show-
cases the power of nanoparticles to revolutionize cancer
treatment strategies, resulting in improved outcomes and
reduced side effects.

Future prospects

Looking ahead, the landscape of cancer therapy holds immense
promise with the continued advancement of nanoparticle-
based approaches. As the field evolves, there are several key
avenues for further exploration and development. First and
foremost, it is imperative to translate these promising strate-
gies from laboratory research to clinical applications through
extensive preclinical studies and subsequent clinical trials that
validate their safety, efficacy, and long-term impact on human
patients. Additionally, the concept of personalized medicine
emerges as a significant frontier, with the potential to optimize
treatment outcomes by tailoring nanoparticle therapies to
individual variations in cancer types and patient responses.
Combination therapies, harnessing the synergistic potential of
nanoparticle-based modalities, warrant thorough exploration
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as they could provide enhanced therapeutic effects while cir-
cumventing resistance mechanisms. Understanding the bio-
distribution, clearance, and fate of nanoparticles in the body is
crucial for their safe and effective utilization. Furthermore,
investigating the immunomodulatory effects of nanoparticles
offers an exciting avenue to enhance the body’s immune
response against cancer, potentially leading to innovative
immunotherapeutic strategies. The integration of multimodal
imaging capabilities for real-time monitoring and diagnosis
can provide comprehensive insights into treatment progress.
Lastly, ensuring the biocompatibility and long-term toxicity
profiles of nanoparticles is paramount for patient safety and
successful clinical translation. In conclusion, the convergence
of nanoparticle technology and cancer therapy promises to
reshape the landscape of treatment by leveraging precision,
versatility, and adaptability to the tumor microenvironment,
offering a hopeful trajectory towards improved outcomes and a
brighter future for patients globally.
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