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Abstract. Malignancies represent a burden for the health 
system worldwide. Treating them represents a challenge 
through the prism of the cancer cell behaviour and the serious 
systemic side effects that usually occur. Both traditional 
(chemotherapy, radiotherapy and surgery) and associated 
therapies (immunotherapy and hormone therapy) have reached 
a plateau. The new trend for the management of malignancies 
includes nanoparticles (NPs) which are studied for both 
their diagnostic and therapeutical use. NPs can be designed 
in various ways, many of them targeting mitochondria 
causing cellular apoptosis. This review summarizes the main 
characteristics of NPs that are studied in different cancers 
to highlight their mechanism of action. Since mitochondria 
play a key role in the cellular homeostasis, they represent 
the main target for the experimental current studies. While 
there are NPs approved by the FDA for clinical use, most of 
them are still under extended research and still need to prove 
their efficacy and biocompatibility, preferable with minimal 
systemic side effects.
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1. Introduction

Malignancies represent a major health issue, with a dramatic 
rise in prevalence in the last decades. In cancer patients the 
treatment is usually multi‑modal, bringing together surgery, 
chemotherapy, radiotherapy, immunotherapy and sometimes 
hormone therapy. All of them present serious systemic side 
effects, and the results are not satisfactory at all times. If the 
patient survives, there is always the risk of recurrence and 
developing a new type of cancer later on. This brings up the 
need to develop new therapies, aiming for improved efficacy 
with minimal side effects at a minimal cost of production. 
The need to establish a personalized medicine as a mean 
of providing targeted delivery of the therapeutic substances 
based exactly on the type of cancer that each patient has 
becomes acute. Nanoparticles (NPs) are currently used in 
physics, material sciences, chemistry, biology and also medi-
cine. The nano‑oncology field has registered an impressive 
progress since NPs can be used in the diagnosis and treatment 
of cancer (1‑5).

This review aims to clarify the use of NPs in the treat-
ment of malignancies. Even though some NPs are already used 
in the clinical practice, there is still the need to design new 
molecules in order to obtain therapeutic effect with insignifi-
cant side effects and low systemic toxicity.

2. Malignancies in the current era

The overall impact of malignancies. Malignant tumors are 
characterized by an accelerated proliferation of their abnormal 
cells which grow beyond their physiological limits and which 
can also invade other organs. Early detected cancer has the best 
prognosis, with a 5‑year surviving rate approximately 70% for 
colon cancer and higher than 75% for breast cancer. Even if 
the prevalence of digestive cancers has increased dramatically 
in the last years (+8% every 5 years), so has the surviving 
rate, which has grown from 34.2% (1976‑1980) to 59.6% 
(2001‑2005) (6‑8).

Even though most malignancies are curable only when they 
are discovered in their early stages, some of them are curable 
even when they are found in a disseminated stage: testicular 
seminoma, some types of leukemia and lymphoma (especially 
in pediatric patients). Nevertheless, some malignant tumors, 
such as pancreatic cancer, have little potential of cure, most 
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of them being diagnosed in a late stage with a rapid evolution 
towards death which is difficult to attenuate. For this type of 
cancer surgical resection remains the only curative treatment, 
with a success rate of only 18‑25% (9,10).

Since each type of cancer needs a different approach 
in therapy, a correct diagnosis is mandatory. The major 
therapeutic methods that are used the most are represented by 
surgery, chemotherapy and radiotherapy.

Existing treatments and their limits. Applying a single 
method of treatment in a cancer patient is, usually, inef-
fective. Chemotherapy presents a high rate of intolerance 
and failure which is due to the fact that it acts on both 
cancerous cells and healthy cells, causing serious systemic 
side effects. On the other hand, radiotherapy is incapable 
of successfully treating localized tumors or eliminating all 
the loco‑regional recurrences because cancerous cells may 
present primary resistance to the ionizing radiation. Neither 
radiotherapy, nor chemotherapy could highly improve 
the survival rate, and the results which surgery brings 
per se are poor if they lack the complementary effects of 
radio‑chemotherapy (11,12).

In cancer patients, surgery can be either curative or 
palliative. Curative surgery aims for a complete removal of the 
tumor (radical surgery), with microscopic margins negative 
for malignant cells, while trying to preserve the organ func-
tions (conservative/non‑conservative surgery). If a complete 
removal of the tumor is not possible, surgical excision with 
microscopic/macroscopic (debulking) margins positive for 
malignant cells is also an option, followed by local radiation 
of the remaining tumor or of the tumor bed, offering the 
patient a real chance of survival. Palliative surgery is used for 
life‑threatening complications caused by the tumor (intestinal 
occlusion, fistulae, hemorrhage) aiming to save the patient's 
life or it can be done to improve the quality of life. Surgery 
also offers the possibility to remove metastases in selected 
patients, improving survival. When surgical interventions are 
followed by a change in the physical appearance of the patient, 
reconstructive surgeries can be done once the cancer issue has 
been solved (13).

Hormone therapy can be used for treating tumors in 
which hormones play a key role in growth and development: 
melanoma, meningioma and laryngeal, vaginal, ovarian, 
pancreatic, but also in gastrointestinal tumors. Still, those 
tumors can present primary resistance to the hormone 
therapy or even secondary resistance to it. The best results 
have been obtained for tumors in which sexual hormones 
sustain their growth: breast cancer, endometrial cancer and 
prostate cancer. The effects of hormone therapy can be seen 
at the targeted organ level, but the adverse effects can be 
found in other parts of the body. Even so, patients tolerate 
hormone therapy better than chemotherapy. Due to the fact 
that some tumors do not present hormonal receptors, they 
will not respond to this therapy, thus a vigorous selection of 
the patients must be made (14).

Immunotherapy aims to destroy cancerous cells with a 
high specificity by activating the defensive mechanisms of the 
host so that it can recognize the cancerous cells as non‑self. 
This is made possible by using immune‑active agents such 
as cytokines, cellular or humoral products, vaccines, gene 

fractions inoculated by transfection with or without immu-
nological influence from other agents or drugs. Still, so far, 
immunotherapy has not been able to bring major improve-
ments in patient care (1,15).

The effectiveness of the standard cancer therapies (radio-
therapy, chemotherapy and surgery) has reached a plateau for 
most cancers because of their risk of recurrence and devel-
opment of new types of disease. Therefore, new therapeutic 
approaches must be explored, aiming for improved efficacy, 
minimal side effects and a minimal cost of production. The 
need to establish a personalized medicine as a mean of 
providing targeted delivery of the therapeutic substances 
based exactly on the type of cancer that each patient has 
become acute (1,11‑15).

3. Nanotechnology and malignancies

NPs: Overview. The knowledge, techniques and approaches 
in nanotechnology touch disciplines such as physics, mate-
rial sciences, chemistry, biology and medicine. Up to now, 
nanotechnology showed its effectiveness in three large 
medical domains: therapeutics, diagnosis/imaging and regen-
erative medicine. In recent years, impressive progress was 
recorded in the nano‑oncology field, with the development 
of NPs which can be used in the diagnosis and treatment of 
cancer. The newly developed nanosystems may have decisive 
influence in cancer therapy in the next decade through new 
formulas for early detection of cancer, highly sensitive and 
selective imagistic agents, targeted therapies with minimal 
systemic side effects and development of minimal invasive 
techniques (4,5,16,17).

Up to now, a large variety of NPs that can circulate through 
the blood flow and target tumors have been developed. Unlike 
low molecular weight drugs, NPs are multifunctional due to 
the fact that their structural parts, shell and core, can be modi-
fied in order to simultaneously offer them different properties. 
This way and by taking advantage of the large surface:volume 
ratio of the NPs, unique biological properties can be given by 
combining luminescence, magnetism, plasmonic heating and 
even transport and delivery of active substances. Functionalized 
NPs can be built with high precision to make them capable 
of absorbance, binding or transport with high effectiveness 
of different types of molecules (drugs, fluorescent molecules 
or groups, DNA, RNA, proteins, glycans). These NPs can 
be designed in order to be compatible with different ways of 
administration (4,5,16,18).

Complex multifunctional NPs are, in fact, nanosystems 
which have the capacity to provide therapeutic molecules 
directly to the cancer cells, therefore diminishing their toxicity 
on the healthy cells and decreasing their systemic side effects. 
Due to the fact that tumors present a poor lymphatic drainage 
and a neovascularization system with dilated, irregular and 
frail blood vessels, nanosystems are able to extravasate easily 
and agglomerate at the tumor level. The selective accumulation 
of the NPs in the tumoral microclimate is known as enhanced 
permeability and retention effect (EPR) and it makes tumor 
targeting possible, with imagistic and therapeutic purpose. 
Alternatively, functional molecules such as antibodies, anti-
gens, peptides can be attached to the surface of the NPs. This 
attachment will play a role as a target group. The form, size 
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and surface properties of NPs can be modified according to 
necessity, allowing the particle to maintain its stability and 
transport capacity (4,5,18‑22).

NPs and cancer treatment. The first generation of NPs 
designed against malignant tumors includes soft NPs, such 
as liposomes and polymeric platforms, which have already 
been approved for clinical use. Their main advantage is their 
capacity of increasing the solubility of hydrophobic molecules, 
improving their delivery time and effectiveness. The second 
generation of anticancer NPs is represented by soft NPs that 
have been functionalized with antigens or antibodies that are 
attached to their surface. Systems based on inorganic NPs are 
in more wider use due to the fact that they can utilize a central 
core particle with magnetic properties or optical properties 
which can improve their localization and manipulation from 
the outside of the body by simply using a magnetic field or 
irradiation. The third generation of bioactive NPs combine 
a nanostructured core with either pore systems for storage 
or with molecular fragments attached to the surface (poly-
mers, biomolecules) which allow a gate system control as 
a response to external stimuli. These NPs are capable of 
tumor targeting, substance delivery and tracking from the 
outside, therefore marking the beginning of the theranostic 
domain (Table I) (4,19,23,24).

Theranostic NPs. Theranostic is a relatively new, revolu-
tionary term in the cancer study field. It combines two essential 
words: ‘therapeutic’ and ‘diagnostic’, therefore it refers to 
those NPs that can be used for both diagnosis and treatment 
in the same patient. This new domain offers the possibility to 
identify the responders as well as the non‑responders to the 
treatment during its administration, allowing the adjustment 
of the treatment for each individual patient. Consequently, 
the diagnosis, the treatment and the monitoring of the cancer 
patient can be completed using a single approach. As ther-
anostic agents, metal NPs present with more advantages 
because of their unique physical and chemical properties: 
plasmonic resonance, fluorescence enhancement, superpara-
magnetism, photoluminescence, enhancement of the catalytic 
activity, as well as producing reactive oxygen species (ROS). 
Photoluminescence and superparamagnetism are mostly 
useful in the imagistic field, while their capacity of releasing 
ROS is useful in extinguishing malignant cells. This outcome 

may be attained by other means and mechanisms (i.e. hyper-
thermia and photothermal effect), depending on the type of 
metal that is used, the size of the NP, its form, as well as its 
surface properties (18,21,23,24).

Toxicity of NPs. The mechanism of action of the NPs 
differs with their structure. Their toxicity has to be well 
acknowledged and understood in order to be able to determine 
the potential risk they might have on human health. Their 
main way of action is represented by producing ROS. Still, 
an excess of oxidative stress (OS) can be harmful as long as 
the cells can trigger their own protective mechanisms against 
it. The defensive antioxidant mechanism of the cells is both 
enzymatic, as well as non‑enzymatic and it is composed 
mainly of glutathione peroxidase, catalase and superoxide 
dismutase. But when those protective mechanisms are not 
able to re‑establish the redox equilibrium of the cell, the 
macromolecules (proteins, lipids, DNA) are damaged. The 
irreversible transformations that might take place may lead 
to necrosis and/or apoptosis of the cell. The excess of OS can 
trigger a pro‑inflammatory response, with interleukin‑2 and 
tumor necrosis factor‑α activation. The chronic inflammation 
might lead to the development of atherosclerosis, pulmonary 
diseases or it may even cause other cancers, but this concept 
is validated only for NPs that produce ROS as their main 
way of action. Other NPs affect calcium homeostasis by 
increasing the calcium influx or by inhibiting calcium 
sequestration, thus affecting the cellular metabolism, signal 
transduction and gene expression. The systemic toxicity of 
the metallic NPs can be diminished by targeting a specific 
site or by using biodegradable polymers as reduction and 
functionalizing agents. Metallic NPs may also show toxicity 
directly through their dissociated ions (24‑26).

Multiple studies have been conducted to establish the 
effect of NPs on different types of digestive cancers. For 
the gastro‑esophageal cancer magnetic iron NPs, polypep-
tidic NPs and triblock copolymers NPs have been studied. 
Polymeric nanospheres are being designed against colon 
cancer together with NPs made of semiconductor materials 
and GNPs against many other types of other cancerous cells. 
Ferric oxide NPs and ferrous oxide NPs covered in gold 
present a huge potential as theranostic agents in pancreatic 
cancers and may be able of changing its prognosis in the next 
decade (27‑36).

Table I. Main types of nanoparticles.

Nanoparticles	 Type	 Advantages

First generation	 Liposomes	 Increase solubility of hydrophobic molecules
	 Polymeric platforms	
Second generation	 Central core particle with magnetic/optical properties	 Localization/manipulation from the outside
	 Functionalized surface (antigens/antibodies)	
Third generation	 Nanostructured core	 Gate system control
	 Functionalized surface (pores/polymers/biomolecules)	 Tumor targeting
		  Substance delivery
		  Tracking from the outside



TOMŞA et al:  MITOCHONDRIA AND NANOPARTICLES IN CANCER 3447

4. Nanoparticles and mitochondria

Mitochondria: An overview. Mitochondrion represents 
membrane‑bound organelle found in the cytoplasm of the 
eukaryotic cells and it is responsible of generating energy in 
form of adenosine triphosphate (ATP). These organelles store 
calcium as part of their cell signaling activities. Mitochondria 
are able to mediate both the growth and death of the cell. 
However, the dysfunction of the mitochondrion can be caused 
by genetic mutations of their proteins or by OS, and it may 
lead the development of new diseases such as neurodegenera-
tive diseases, diabetes and obesity. Unlike healthy cells, the 
Warburg effect states that malignant cells use glycolysis for 
energy production, rather than the tricarboxylic acid cycle. 
This phenomenon was attributed to mitochondrial dysfunction 
in malignant cells, especially in the mitochondrial respira-
tory chain, suggesting that this forces cancer cells to use 
glycolysis (37‑39).

It is well known that NPs cause cytotoxicity by inducing 
the production of ROS. Mitochondria represent the main 
intracellular source of ROS which are the primary endogenous 
agents that alter the DNA, lipids and proteins, contributing to 
the development of different diseases. Peroxisomes are also 
involved in ROS production and clearance. If their func-
tion is impaired, the result is an increased ROS level inside 
the mitochondria, which causes mitochondrial damage and 
further aggravates the clearance of ROS. This leads to promo-
tion of the development of malignant tumors. Chromosomal 
instability, as well as genome instability and mitochondrial 
genome mutations can be triggered by ROS production, 
promoting further ROS formation and signaling pathways 
such as mitogen‑activated protein kinase (MAPK) and PI3K, 
in tumors. The survival and proliferation of tumor cells can be 
promoted by ROS under hypoxia conditions. Hypoxia‑inducible 
factors (HIFs) are upregulated to further promote oncogene 
expression. Excessive ROS causes OS and subsequent damage 
and cell death, while normal levels of ROS found in healhty 
cells work as signaling molecules that activate physiological 
intracellular pathways leading to autophagy and apoptosis. It 
has been reported that two metallic NPs (Co and Ni) led to 
glutathione depletion and ROS generation, thus confirming 
that OS has been implied in the response against these parti-
cles. Even though not all NPs have electron configurations or 
surface properties that allow spontaneous generation of ROS, 
the interaction between them and the cellular components is 
what triggers the generation of OS. Therefore, the evaluation 
of ROS production represents a valid test for comparing the 
relative toxicity of different NPs (39‑42).

Mitochondria are not only the main ROS source of the cell, 
but also the organelles responsible for cell death. The loss of 
membrane potential of the mitochondrion releases the intra-
mitochondrial components into the cellular cytoplasm which 
will trigger the apoptotic cascade. It has also been proven that 
the mitochondrial membrane potential plays an important role 
in initiation of autophagy. Autophagy represents a cellular 
degradation process which is lysosome‑dependent, serves the 
dysfunctional organelles and eliminates different substances 
from the cell. Autophagy represents not only a process that 
helps the cells to survive, but also a mechanism of inducing 
cell death. NPs have been previously proposed as a new 

class of autophagy activators with a response that depends 
on the size and shape of the particles. It has been stated that 
autophagy induced by NPs may lead to cellular cytotoxicity. 
In cancer cells, mitochondria have to be fully functional but 
even so, germline and somatic mtDNA mutations have been 
reported in various types of cancers. It is considered that there 
could be two classes of mtDNA mutations in malignant cells: 
those that damage OXPHOS and further stimulate neoplastic 
conversion, and mutations that facilitate malignant cell adapta-
tion to different bioenergetic environments. Also, mutations in 
mitochondrial enzymes that are encoded in the nuclear DNA 
may be present in malignant cells, such as SDH, FH, IDH1 and 
IDH2 mutations (43‑45).

NPs targeting mitochondria. The use of NPs in order to 
trigger specific organelles is usually limited by the endo-
somal pathway which serves as a protection barrier. This 
phenomenon makes it difficult to trigger organelles, making 
it necessary to validate the presence of the NPs outside 
the lysosomes and inside the targeted organelle  (46,47). 
Guo et al (46) validated the mitochondrial localization of 
mitochondria‑targeting magnetic composite nanoparticles 
(MMCNs) by different methods. Firstly, the presence of the 
MMCNs at the mitochondrial site was confirmed using the 
Mitotracker kit which offers a green fluorescence visible 
with confocal fluorescence microscopy. The fluorescent light 
emitted by the mitochondria overlapped the fluorescence 
produced by MMCNs. Secondly, an immunocytochemical 
coloration (Cy  7) was used as a load to follow the NPs, 
confirming their mitochondrial localization by using 
confocal laser scanning microscopy (CLSM). In the third 
place, the presence of MMCNs at the mitochondrial site was 
validated using a technique that measures the quantity of Fe 
in different cellular compartments and compares the treated 
cells with cells that have not been exposed to MMCNs. This 
technique is made possible by the presence of Fe in the 
MMCNs. The Fe load in different organelle was measured 
using ICP‑AES (Inductively coupled plasma atomic emission 
spectrometer) and the results showed a significant accumula-
tion of MMCNs inside the mitochondria.

Liposomes, as a mean of mitochondrial delivery of thera-
peutic substances, present a huge potential in mitochondrial 
targeting, especially thanks to their high biocompatibility and 
non‑toxicity. At the same time, the research in this field is one 
of the oldest and one with the most therapeutic substances that 
have been approved by the FDA. The first of them, Doxil®, 
was approved by FDA in  1995. In digestive cancers, an 
interesting study was found focused on liposomes filled with 
clodronate (CLD) and their role in decreasing tumorigenesis. 
A mouse model of colon cancer was used injecting CLD or 
phosphate‑buffered saline (PBS) encapsulated liposomes 
to target macrophages, after polyps developed. The tumor 
number was reduced in CLD treated mice, with a reduction 
in gene expression (EMR1), decreased p38 MAPKm STAT3 
and ERK signalling, and also decreased macrophage markers 
(IL‑6, IL‑13, IL‑10, TGFβ, CCL17). The authors concluded that 
targeting macrophages during late‑stage tumorigenesis can be 
successful in reducing tumor growth. Liposomes loaded with 
a chemotherapeutic agent was not used, but instead CLD, a 
non‑amino bisphosphonate was used (48).
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Kim et al (49) synthesized nanocomposites (HA‑ZnONcs) 
using zinc oxide (ZnO) and hyaluronic acid (HA) which they 
supplementary functionalized with ginsenoside Rh2 to form 
Rh2HAZnO. They exposed three different cancer cell lines 
(A549‑lung cancer, HT29‑colon cancer, MCF7‑breast cancer) 
and one healthy cell line (HaCaTs‑human keratinocytes) to 
Rh2, HAZnO and Rh2HAZnO. In A549 cells, Rh2HAZnO 
showed significant damaged mitochondria, with intracel-
lular debris, indicating that the NPs were able to target the 
mitochondria, causing apoptosis by injuring its outer cellular 
membrane. Moreover, cell viability was utmost reduced in 
MCF‑7 cells.

Wang et al (50) developed nanomicelles loaded with pacli-
taxel and functionalized with a mitochondria‑targeting group 
(triphenyl phosphine, TPP). As in the previous study, they also 
used A549 cells which were exposed to their nanomaterial, 
showing that the positively charged nanomicelles could be 
localized at the mitochondrial level at 24 h after exposure. 
The outer membrane of the mitochondria was permeabilized, 
which led to the release of cytochrome c and to the activation 
of caspase‑3 and caspase‑9 (apoptotic effect), as well as to an 
inhibition in the expression of Bcl‑2 (antiapoptotic effect). They 
concluded that nanomicelles were able to target the mitochon-
dria and by this, they were able to activate different signalling 
pathways leading to the apoptosis of cancerous cells.

Novel NPs are being developed, and currently 
carbon‑dot‑supported gold (Au/CDs) are of great interest in the 
field of cancer treatment. Gong et al (51) used Au/CDs to further 
develop MitoCAT‑g, an OS amplifier. After MitoCAT‑g was 
endocytosed, ROS‑generating cinnamaldehyde was released, 
generating high amounts of ROS inside the mitochondria. 
Also, gold formed Au‑S bonds with glutathione, depleting this 
antioxidant, thus further amplifying the OS in mitochondria, 
causing apoptosis of the cell.

The functional and cytotoxic effects of mitochondrial transit 
of the nanomaterial in vitro. The cytotoxicity of different NPs 
varies according to their type, therefore individual testing for 
each type of NP is needed. Metallic NPs and metal oxide NPs 
present common mechanisms of action such as generating 
ROS and reactive nitrogen species (RNS), but also the direct 
action of dissociated ions. When they enter in the blood 
stream, NPs adsorb proteins, in a progressive and selective 
manner. The direct consequence of this phenomenon is the 
formation of a protein corona, which is usually comprised of 
a soft part and a hard part. The hard part of the corona binds 
to the surface of the NP, while the soft corona forms on top of 
the hard corona. The protein corona may cause the aggregation 
of NPs, may lead to undesired cellular uptake or may trigger 
immune responses. It may also present positive effects, such 
as diminished cytotoxicity. The capacity of binding proteins 
is dependent on the surface functionalization, but also on the 
positive or negative charges of the NPs (52‑54).

The mitochondrion, as the target of the NPs, may augment 
their cytotoxicity by increasing the intracellular concentra-
tion of ROS. ROS are defined as molecules that contain one or 
more oxygen atoms that present a higher reactivity than that 
of the molecular oxygen. The mean lifetime of ROS and RNS 
species measures between 10‑9 and 10‑6 sec, inversely propor-
tional with their reactivity. The most common ROS and RNS 

species are superoxide, hydroxy peroxyl, hydroxyl, nitric and 
nitrogen peroxide radicals. In the physiological state, ROS 
represent vital regulators in different intracellular processes 
including cell growth, survival, proliferation, apoptosis, cell 
migration and inflammation. A pathological increase in ROS 
concentration leads to oxidative alteration of lipids (peroxi-
dation), proteins (amino acids alteration, fragmentation and 
alteration of protein) and DNA (the occurrence of mutations 
and damage to gene transcription). As a defense mechanism 
against the OS, hem‑oxygenase 1, superoxide dismutase, 
catalase and glutathione peroxidase are produced. At higher 
concentration of ROS species, pro‑inflammatory signalling 
pathways such as JNK and NF‑κB cascade are activated. 
Higher ROS concentrations that cause prolonged OS lead to 
changes in the mitochondrial membrane potential causing 
cell death (25,55‑58).

In another study, zinc peroxide NPs (ZnO2NPs) with a 
hydrodynamic diameter of 66.1  nm were developed. The 
particularity of this study was represented by the fact that the 
NPs were able to deliver exogenous hydrogen peroxide and 
simultaneously amplify the production of endogenous ROS 
due to the presence of metallic ions (Zn+2). It was shown that 
zinc inhibited the mitochondrial electron transport chain, 
increasing the endogenous mitochondrial production of ROS 
(superoxide and hydrogen peroxide). In a synergistic manner, 
H2O2 was released exogenously, leading to a highly effective 
anticancer therapy. It was concluded that the dissociation 
behavior of their NPs was pH‑dependent, making them more 
efficient in causing apoptosis in cancer cells with negligible 
damage to healthy organs, which can be explained by the 
fact that malignant cells are more susceptible to additional 
ROS (59).

There are two major pathways through which the cell 
produces ATP: glycolysis and via the Krebs cycle. The 
extracellular acidification rate (ECAR) represents a quantifi-
able index for the glycolytic activity, while the activity of 
the mitochondrial respiratory chain can be quantified by 
measuring the oxygen consumption rate (OCR). The two 
parameters may be used in order to determine how the NPs 
perform at the cell level: by the impairment of the mitochon-
drial function or by inhibiting the enzymatically catalyzed 
redox reactions (60).

Huo et al (61) synthesized silica NPs (MSN) containing 
a photosensitizer (Ce6) and W18O49 NPs (WOPNs) which 
they functionalized with triphenyl phosphonium (TPP, 
for mitochondrial targeting) and with nuclear localization 
sequence (NLS, for nucleus targeting), respectively. 
They further conjugated MSNs [Mito(T)] with WOPNs 
[Nuc(T)] via a peptide that can be cleaved by Cathepsin B 
[Mito(T)‑pep‑Nuc(T)]. The expression of Cathepsin B is 
known to be abnormally high in various cancer cells. They 
observed the effect of applying photodynamic (PDT) followed 
by photothermal therapy (PTT) using laser irradiation with a 
wavelength of 633 nm followed by 1,064 nm. The ATP supply 
of the malignant cells (HCT‑116‑human primary colon cancer 
line) was abolished due to the destruction of both organelles. 
Cancer cells that were exposed to Mito(T)‑pep‑Nuc(T) and 
laser irradiated had intracellular levels of ROS 182‑fold 
higher than the control group (HHL‑5‑hepatocyte cell line). 
The vulnerability to PDT of the mitochondria proved to 
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be dependent on the size and shape of the mitochondria, 
with the little globule‑like mitochondrion being least 
prone to photodermal therapy, while branched tubule‑like 
mitochondrion being the most vulnerable. Sequential laser 
irradiation also indicated that the cell death was related to a 
mitochondrial apoptotic pathway.

A study that also showed the increased production of ROS 
in the cells exposed to NPs used MMCNs loaded with ICG 
(indocyanine green), a photosensitizing agent approved by 
US Food and Drug Administration (FDA). This agent was 
able to generate ROS after near infrared laser exposure and 
it was able to partly convert the luminous energy into thermal 
energy in order to improve the NPs' performance. The cells 
that had internalized ICG‑loaded MMCNs emitted a green 
fluorescence when they were laser treated, which suggests that 
these particles were able to generate ROS inside these cells, 
compared with a control group that had no fluorescence, there-
fore no ROS production (46).

It is a well known fact that in a healthy cell the programmed 
cell death occurs through cytochrome C releasing from the 
mitochondria under stress conditions. In cancerous cells this 
phenomenon does not occur, therefore cellular death appears 
late. Wang  et  al  (50) studied the mitochondrial pathways 
of apoptosis, demonstrating that releasing cytochrome  c 
represents an important event in a cancer cell exposed to nano-
materials. In their study, as mentioned above, nanomicelles 
functionalized with TPP for mitochondrial targeting, causing 
cytochrome C release which led to apoptosis of malignant 
cells.

The mitochondria of the cancer cells are usually more 
vulnerable to disruptions than those in healthy cells because 
of structural and functional differences that exist between the 
two. Therefore, therapies that selectively target the mitochon-
dria of cancer cells have as a main purpose the destruction of 
the tumor without negatively affecting the healthy surrounding 
tissues (37,61).

5. Conclusions

With the rising incidence of cancers, the high mortality rate in 
some of them (e.g., pancreatic) and the limits that the conven-
tional therapies present, the need to find new therapies is 
urgent. NPs might represent one of the solutions, which makes 
them of great interest when it comes to experimental research, 
with promising results. While first generation NPs are already 
used in clinical practice, newer generations need to prove that 
they are effective and safe to use in humans. Unfortunately, 
more studies need to be done in order to create the perfectly 
structured nanoparticle that would target and destroy only the 
cancerous cell, with no harmful effects on the healthy tissues. 
Until then, malignancies remain a huge burden for the society, 
with high morbidity and mortality rates.
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