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Abstract Mitochondrial targeting is a promising approach for solving current issues in clinical
application of chemotherapy and diagnosis of several disorders. Here, we discuss direct conjugation of
mitochondrial-targeting moieties to anticancer drugs, antioxidants and sensor molecules. Among them, the
most widely applied mitochondrial targeting moiety is triphenylphosphonium (TPP), which is a
delocalized cationic lipid that readily accumulates and penetrates through the mitochondrial membrane
due to the highly negative mitochondrial membrane potential. Other moieties, including short peptides,
dequalinium, guanidine, rhodamine, and F16, are also known to be promising mitochondrial targeting
agents. Direct conjugation of mitochondrial targeting moieties to anticancer drugs, antioxidants and
sensors results in increased cytotoxicity, anti-oxidizing activity and sensing activity, respectively,
compared with their non-targeting counterparts, especially in drug-resistant cells. Although many
mitochondria-targeted anticancer drug conjugates have been investigated in vitro and in vivo, further
clinical studies are still needed. On the other hand, several mitochondria-targeting antioxidants have been
analyzed in clinical phases I, II and III trials, and one conjugate has been approved for treating eye disease
in Russia. There are numerous ongoing studies of mitochondria-targeted sensors.

& 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Approximately two billion years ago, mitochondria arose from the
engulfment of an α-proteobacterium by a precursor of the modern
eukaryotic cell1,2. Thousands of mitochondria are found in cells,
and mitochondria account for approximately 40% of the cyto-
plasm. As essential organelles present in most eukaryotic cells,
mitochondria play crucial roles in cellular energy metabolism and
regulation of programmed cell death1,2. First, mitochondria
regulate energy production and are known as the “power house”
of the cell, essential for all life. Second, during programmed cell
death (i.e., apoptosis), numerous cell death-related signal transduc-
tion pathways are activated by mitochondria. Mitochondria have
the ability to control the activation of programmed cell death by
regulating the translocation of proapoptotic proteins from the
mitochondrial intermediate space to the cytosol3. Apoptosis is
triggered by a series of mitochondrial events, including the
collapse of the intimal potential, mitochondrial swelling and
opening of the permeability transition pores4. Thus, the main
machinery and components in the mitochondria tightly regulate
mitochondrial function to maintain cell homeostasis, viability and
physiological functions.

However, various factors negatively influence the mitochondria,
leading to mitochondrial malfunction and dysfunction, and succes-
sively initiate acute or chronic diseases. Dysfunctional mitochondria
are strongly associated with cancerous traits, such as enhanced
anabolism, limitless proliferative potential, insensitivity to antigrowth
signals, impaired apoptosis and decreased autophagy5,6, as well as
type 2 diabetic characteristics, which include an increased intracellular
glucose concentration and reduced insulin production7.

Thus, increasing interest in this subcellular organelle has
triggered mitochondria-targeting pharmacological interventions,
leading to the emergence of ‘mitochondria medicine’ as a new
field of biomedical research. In particular, mitochondria-targeting
medicines have focused on either promoting cell health or
cytotoxicity or sensing mitochondria in cells.

Interest in mitochondrial targeting began in the 1900s, and
studies rapidly developed in 1960s due to the development of
electron microscopy and mitochondrial targeting probes8–14.
Several targeting moieties are available for mitochondrial target-
ing, such as the triphenylphosphonium (TPP), dequalinium (DQA)
and cationic peptides, which are based on the mitochondrial
membrane potential and lipophilicity. Two types of mitochondrial
targeting strategies are available: one is a direct conjugation of a
targeting moiety to a therapeutic molecule and the other involves
attaching a mitochondrial targeting moiety to a nanocarrier. Direct
conjugation of a thiol antioxidant with a mitochondrial targeting
moiety (i.e., TPP) was initiated by Murphy's group in 199515.
Since then, a number of studies have been performed to develop
mitochondria-targeting anticancer drugs or antioxidants. Fig. 1
shows a brief summary of key historical studies.

Unlike other subcellular organelles, the structure of the mitochon-
dria is unusual and comprises four significant parts, including the
outer mitochondrial membrane (OMM), inner mitochondrial mem-
brane (IMM), intermembrane space (IMS) and matrix (Fig. 2). The
specific functions of the parts are organically connected2. The
structure and functions of cancer cells differ compared with normal
cells5,16. Hexokinase, the BCL-2 family, electron redox chain,
voltage-dependent anion channel/adenine nucleotide translocase
(VDAC/ANT) complex and mitochondrial DNA in the mitochondria
all could represent targets for antitumor therapy17.

In this review, we summarize the commonly applied mitochon-
drial targeting moieties and their direct conjugations with
cytotoxic agents or antioxidant agents to enhance cytotoxic or
antioxidant effects, respectively. In addition, this review
focuses on the conjugates of mitochondrial moieties and sensor
molecules that are used for the diagnosis of mitochondria-mediated
disorders.
2. Mitochondria: functions and disorders

Mitochondria are very complex organelles that harbor their own
DNA and a double membrane structure with unusual lipid
composition. Mitochondria have a high membrane potential of
150–180 mV (negative inside)18. Mitochondria are found in all



Figure 1 Historical progress of the development of mitochondrial-targeting drug and antioxidant molecules.

Figure 2 Mitochondrial structure and general functions.
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eukaryotic cells, but the number of mitochondria per cell depends
on the cell's specific energy requirements. These can vary due to
cell type, cell-cycle stage, proliferative state and disease dysfunc-
tion. Various metabolically active organs, such as liver, brain and
cardiac and skeletal muscles, contain up to several thousand
mitochondria per cell, whereas stomach tissues with a low energy
demand contain only a few dozen mitochondria. The shape,
length, size and number of mitochondria in a cell are highly
varied. Mitochondria range from small, individual spheres and
short rods to long tubules and complex, interconnected, network-
like structures19.

Mutations of mitochondrial DNA (mtDNA) are associated with
multiple disorders, ranging from neurodegenerative diseases to
cancers20. Cancer cells exhibit mitochondrial dysfunction, genetic
instability with alterations (e.g., mutations, deletions or transloca-
tions) and highly glycolytic activities. Mitochondrial diseases
result from functional and structural failure of the mitochondria21.
Given that mitochondria generate energy, cell injury and even cell
death can occur in the context of mitochondrial dysfunction.
Various parts of the body (e.g., heart, brain, muscles and lungs)
requiring the greatest amount of energy are strongly affected by
mitochondrial energy production. Mitochondrial diseases are
difficult to diagnose because each individual is differently affected
by mitochondrial malfunctions and exhibit various symptoms (e.g.,
seizures, strokes, severe developmental delays and inability to
walk, talk and see)22.
2.1. Energy production and metabolism

Mitochondria are special cellular organelles with their own
genomic materials known as mitochondrial DNA (mtDNA), which
may replicate independent of the nuclear DNA. The well-
characterized functions of the mitochondria include energy
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metabolism, calcium homeostasis, redox regulation and apoptosis.
As the main powerhouse of cells, mitochondria can utilize glucose,
fatty acids, amino acids and other cellular materials to produce
adenosine triphosphate (ATP) through a series of biochemical
processes known as oxidative phosphorylation (OXPHOS), the
citric acid cycle (Krebs cycle), and beta-oxidation. ATP is a
complex organic molecule that is found in all forms of life. When
ATP is consumed in metabolic processes, it is converted to its di-
or monophosphate form (i.e., ADP or AMP, respectively). ATP
consists of three components: a nitrogenous base (i.e., adenine), a
sugar ribose, and a triphosphate. ATP is also a precursor of DNA
and RNA and is used as a coenzyme (CoA) in cells23.

ATP is generated by a number of distinct cellular processes.
The three main pathways in eukaryotes include glycolysis (path-
way 1), the citric acid cycle/oxidative phosphorylation (pathway 2)
and beta-oxidation (pathway 3). In aerobic environments, the
overall processes of oxidizing glucose to carbon dioxide, which
include pathways 1 and 2, are known as a cellular respiration and
produce approximately 38 equivalents of ATP from each glu-
cose24. In anaerobic conditions, glucose transforms to pyruvate in
pathway 1 and then becomes lactate, which is finally pumped out
from cells. During this process, one glucose produces 2 equivalents
of ATP. Unlike glucose, fatty acids also generate ATP via beta-
oxidation (pathway 3), and the number of ATP molecules
produced is dependent on the number of carbons in fatty acids.
Therefore, pathway 3 can generate considerably more ATP
molecules compared with the other two pathways (pathways
1 and 2).

In addition, electron transport through the mitochondrial
respiratory chain is an essential requirement for oxidative phos-
phorylation, and this process is associated with the generation of
reactive oxygen species (ROS). In particular, when electrons leak
from the respiratory complexes, ROS react with molecular oxygen
to produce superoxide. Given that both a proper cellular ATP level
and a proper redox balance are essential for cell viability and
proliferation, mitochondrial dysfunction causes significant changes
in cellular energy metabolism and ROS generation, thus pro-
foundly affecting cellular fates and cellular responses against
exogenously delivered drugs25.
2.2. Redox balance and reactive oxygen species (ROS)

The ROS is a general term for several reactive oxygen substrates,
including superoxide ion (O2

─), hydrogen peroxide (H2O2), hydro-
xyl radical (�OH) and singlet oxygen (1O2). ROS form through a
reduction process of molecular oxygen (O2) in the presence of any
inducer, such as irradiation. The excessive formation of ROS in
mitochondria leads to several harmful consequences, including
lipid oxidation, mtDNA/RNA damage, protein oxidation, calcium
ion (Ca2þ)-dependent activation of mitochondrial permeability
transition pores and the release of cytochrome c, which results
in the formation of apoptosomes and ultimately promotes apopto-
sis26. Both mitochondrial mutation and oxidative stress cause
mitochondrial dysfunction that triggers cell death signaling cas-
cades and results in organ failure and diseases2. The increased
levels of ROS in cancer cells are associated with multiple changes
in cellular functions, such as cell proliferation, migration, differ-
entiation and apoptosis. Enhanced generation of ROS in cancer
cells with mitochondrial dysfunction may make them more
vulnerable to further oxidative stress compared with normal cells
with lower ROS output. Interestingly, high levels of mitochondrial
ROS generation in hypoxic cells are potentially associated with
angiogenesis-related diseases, such as cancers and ischemic
disorders27,28. Oxidative phosphorylation is an essential cellular
process that uses oxygen and simple sugars to create ATP.
2.3. Disorders

Mitochondrial dysfunction is associated with several chronic
disorders, such as Alzheimer's disease (AD), Parkinson's disease
(PD), cancers and ischemic diseases20,22. AD is a chronic
neurodegenerative disease that typically starts slowly and worsens
over time29. The disease mechanism of AD could be explained by
an amyloid hypothesis that traditionally points to the accumulation
of beta amyloid (Aβ) peptides as the central event triggering
neuron degeneration. Accumulation of aggregated amyloid fibrils,
which are believed to be a toxic form of the protein responsible for
disrupting the cell's calcium ion homeostasis, induces programmed
cell death (apoptosis)30. Aβ selectively accumulates in mitochon-
dria in the cells of Alzheimer's-affected brain and also inhibits
certain enzyme functions and the utilization of glucose by
neurons31. PD is a long-term degenerative disorder of the central
nervous system that mainly affects the motor system. Mitochon-
drial dysfunction plays a central role in the pathogenesis of PD,
and an inhibitor of complex I of the electron transport chain can
induce Parkinsonism32.

Some studies suggest that mitochondrial dysfunction is the
cause of type 2 diabetes, which increases intracellular glucose
concentrations and reduces insulin production7. Lipid oxidation
and increased acetyl CoA in the citrate molecules of mitochondria
inhibit some enzymes (e.g., phosphofructokinase and pyruvate
dehydrogenase) that use glucose molecules.

Cancer cells are the most rapidly growing cells; these cells require
significant amounts of energy for continuous growth. Energy is
mostly provided by mitochondrial respiration via ATP formation. On
the other hand, mitochondrial dysfunction (e.g., ROS generation and
membrane disruption) could promote apoptosis.
3. Mitochondria-targeting ligand conjugates

To improve therapeutic effects and reduce side effects of drugs, many
researchers have become interested in subcellular targeting, especially
mitochondria-targeting. The significant interest in mitochondria-
targeting is underscored by the approximately 500 research articles
published up to January 3, 2018 (Fig. 3). Although the number of
publications is potentially inaccurate because the search was
performed using several keywords (i.e., mitochondria, mitochondrial,
targeting, moiety, moieties and delivery moiety) and suitable
combinations are well-known in scientific databases (i.e., PubMed,
Web of Science, Google Scholar and ScienceDirect), the recent
dramatic increase in mitochondria-targeting studies indicate the strong
value of this topic.

To date, numerous reports have revealed mitochondrial-targeting
moieties and drug and antioxidant conjugates to enhance therapeutic
effects. The advantage of direct conjugation of mitochondrial
targeting moieties to therapeutic agents is that therapeutic agents
could be localized more specifically to mitochondria, leading to rapid
responses from delivering certain drugs. Based on a literature search,
we can easily identify papers on TPP-anticancer drugs (doxorubicin,
chlorambucil, porphyrin, proapoptotic peptides and coumarin)33–37,
dequalinium (DQA)–drug conjugates38, peptide–anticancer drug
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Figure 3 The number of mitochondria-targeting research articles.

Figure 4 Some common mitochondria-targeting moieties. Red color indicates cationic atoms and dot line indicates conjugation-formable parts
with drug molecules.
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conjugates39,40 and (E)-4-(1H-indol-3-ylvinyl)-N-methylpyridinium
iodide (F16)-anticancer drug conjugates41.

3.1. Mitochondria-targeting moieties and mechanisms

In several cases, the mitochondria of cancer cells and transformed
cells exhibit significantly increased transmembrane potentials com-
pared with normal cells42. This biological difference has been utilized
as a basis to develop mitochondria-targeting compounds that may be
preferentially accumulated within the mitochondria of cancer cells.
Importantly, some commonly applied mitochondrial targeting moi-
eties are available, including TPP, guanidinium, triethylammonium,
pyridinium, 3-phenylsulfonylfuroxan, F16, 2,3-dimethylbenzothiazo-
lium iodide, rhodamine 19, rhodamine 123 and DQA. Most of these
agents are lipophilic cations (Fig. 4)43. These delocalized lipophilic
cations (DLCs) accumulate in the mitochondria of tumor cells due to
the highly negatively charged microenvironment within the mito-
chondrial matrix44. Herein, we briefly describe some of these agents.

i) Triphenylphosphonium (TPP). TPP, a well-known mito-
chondrial targeting moiety, is a positively charged phos-
phorus atom surrounded by three hydrophobic phenyl
groups that impart an extended hydrophobic surface45

(Fig. 4). TPP has been employed as a probe to explore
the mitochondrial membrane potential for over 40 years.
Consequently, its behavior and interaction with mitochon-
dria are well-defined46. The relative TPP concentrations
inside the negatively charged membrane compartments are
increased by one order of magnitude for every 60 mV of
negative membrane potential. Given the active transport of
salt ions by membrane-bound pumps, the interior part of the
plasma membrane is negatively charged compared with the
exterior side. As a result, the plasma membrane potential
generally ranges between –30 and –60 mV, which is
sufficient to promote up to 10-fold accumulation of TPP
inside the cell. Typical mitochondrial membrane potential is
up to –180 mV, which facilitates a 1000-fold accumulation
of TPP inside mitochondria47. Numerous examples are
noted where TPP was used as a mitochondrial-targeting
ligand33,37,48. For example, TPP was conjugated to chlor-
ambucil, which is a DNA damaging anticancer agent. The
cytotoxicity results of TPP–chlorambucil conjugates
revealed that the conjugates exhibited approximately 12-
fold reduced IC50 values compared with its counterpart



Figure 5 Evidence of mitochondrial accumulation of some mitochondrial targeting moieties monitored by a confocal microscopy: (A) Mito-
Chlor (TPP–chloroambucil conjugates); adapted with permission from the reference33 (Copyright © 2013 American Chemical Society); (B) green
fluorescence-labeled MitoVES (MitoVES-F) in NeuTL cells; reproduced with permission from the reference 37 (Copyright © 2011 Elsevier Inc.);
(C) DQA–DOX conjugates in A549 cells; reproduced with permission from the reference43 (Copyright © 2015 Springer Nature); (D) (Fx,r)3–DOX
(i.e., MPP–DOX) conjugates; adapted with permission from the reference39 (Copyright © 2013 American Chemical Society); (E) F16 (green);
reproduced with permission from the reference57 (Copyright © 2002 CELL PRESS); and (F) TPP–porphyrin (red); reproduced with permission
from the reference34 (Copyright © 2009 Elsevier, B.V.). Here, both an anti-Complex I antibody and anti-TPP antisera were used for Mito–Chlor;
MitoTrackers Red was used for MitoVES–F, (Fx,r)3–DOX and F16; MitoTrackers Green was used for DQA–DOX and porphyrin conjugates;
and TPP–porphyrin was used for rhodamine.
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(i.e., free chlorambucil) in a breast cancer cell line. The
result was attributed to high accumulation of the conjugates
in mitochondria as demonstrated by confocal microscopy
(Fig. 5A)33. Another example involves various vitamin E
analogues and TPP conjugates. Among them, TPP-vitamin
E succinate (VES) conjugate (MitoVES) exhibited prefer-
ential mitochondrial accumulation37 (Fig. 5B).

ii) Dequalinium (DQA). DQA is a lipophilic dication composed of
two cationic quinolinium moieties linked via a 10-carbon alkyl
chain (Fig. 4) that localizes in mitochondria of cancer cells
(Fig. 5C)38. The compound exhibits antiproliferative activity
against several cancer cell lines in vitro and antitumor effects
in vivo10,49. DQA's potential for delivering mitochondrial DNA
to mitochondria has been investigated. In an aqueous medium,
DQA single-chain bola-amphiphile molecules were self-
associated and subsequently formed vesicles referred to as
DQAsomes50. DQAsomes deliver pDNA to mitochondria with-
out losing their pDNA load38.
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iii) Mitochondria-targeting/penetrating peptides. Recently, many
cell penetrating peptides have demonstrated mitochondrial
membrane permeability51. Among a variety of mitochondria-
penetrating peptides (MPPs) are certain short mitochondria-
permeable peptides harboring a repeating unit of lipophilic
residues and cationic residues, such as (L-cyclohexyl alanine-
D-arginine)3, called (Fx,r)3 (Fig. 4). These peptides exhibit
mitochondrial accumulation with minimal toxicity in human
cancer cells52 (Fig. 5D). A series of anticancer drug-MPP
peptide conjugates have been reported39,53. For example, MPP
was linked to doxorubicin (DOX) via a succinate linkage.
Szeto-Schiller (SS) peptides are another example of a peptide-
targeting moiety. These peptides are small, water-soluble
tetrapeptides composed of tyrosine (Tyr) or dimethyltyrosine
(Dmt), arginine (Arg), phenylalanine (Phe) and lysine (Lys)
residues, which selectively accumulate in the inner mitochon-
drial membrane, scavenge ROS, inhibit the opening of the
mitochondrial permeability transition pores and conclusively
inhibit the release of cytochrome c54. Using these amino acids,
various SS peptides were prepared (SS-01 to SS-31). Among
them, SS-01 (Tyr-D-Arg-Phe-Lys-NH2 shown in Fig. 4), SS-
02 (Dmt-D-Arg-Phe-Lys-NH2) and SS-31 (D-Arg-Dmt-Lys-
Phe-NH2) exhibit antioxidant efficacy due to the presence of
aromatic amino acids, such as Dmt and Tyr, and subsequently
scavenge ROS because unreactive tyrosyl or dityrosine
radicals can react with superoxide radicals to form tyrosine
hydroperoxide55. In addition, XJB Gramicidin S (Soviet)
analogs are XJB peptides based on the sequence of the
membrane-active gramicidin S (GS) antibiotics. Antioxidant
properties of these agents are attributed to attachment to the
stable free radical 4-amino-TEMPO (4-AT).

iv) Guanidine. With functionalities bearing delocalized positive
charges, guanidium and biguanidium groups (Fig. 4) are
particularly interesting given their increased lipophilicity
compared with certain molecules with localized charges.
The amphiphilic porphyrin was conjugated with guanidium
and biguanidium to improve mitochondrial targeting56. The
conjugates exhibit high accumulation in the mitochondria and
enhanced phototoxicity against cancer cells. The presence of
guanidium groups caused lysosomal escape of the guanidium
porphyrin conjugates via rupture of the lysosomal membrane
probably via a proton sponge effect.

v) (E)-4-(1H-Indol-3-ylvinyl)-N-methylpyridinium iodide (F16).
F16 is also a delocalized cation and accumulates in the
mitochondrial matrix (Fig. 5E). Interestingly, F16 was dis-
covered during a high-throughput screen of a chemical library
for antiproliferative compounds against neu-expressing mam-
mary epithelial cells57. Mitochondrial accumulation of F16
caused depolarization of the mitochondrial membrane, dis-
ruption of the integrity of the mitochondrial structure and
opening of the mitochondrial permeability transition pore.
These successive events caused the release of cytochrome c
and cell cycle arrest, subsequently leading to cell death57.
Further, its anti-proliferative effects were noted in a variety of
mouse mammary tumors and human breast cancer cell lines.

vi) Rhodamine. Rhodamine derivatives are also mitochondrial-
targeting agents given their binding affinity to the mitochon-
drial membranes, subsequently damaging the electron trans-
port chain58. Preferential mitochondrial staining via
rhodamine 123 was revealed in src-transformed cells43

(Fig. 5F). Mechanistically, its mitochondrial accumulation is
caused by its lipophilic and cationic properties, which help it
to cross the double mitochondrial membranes and remain
within the negatively charged mitochondrial matrix59. Similar
to rhodamine 123, rhodamine 19 is a potential mitochondrial-
targeting moiety60. Its mitochondrial delivery capability was
confirmed when rhodamine 19 effectively substituted TPP via
chemical modification of TPP–drug conjugates to form
rhodamine 19–drug conjugates61. In particular, rhodamine
19 can be considered as a mitochondria-targeted cationic
uncoupler given its protonophorous uncoupling effect and its
equilibration across the mitochondrial membranes in a Nerns-
tian fashion60.

3.2. Applications of mitochondria-targeting drug conjugates

Drug candidates for mitochondrial targeting could be categorized
based on their purposes and their modes of action in mitochondria.
Regarding drug effects, the use of cytotoxic drugs, antioxidants or
sensing/imaging molecules could be considered. Regarding mode
of action, some drugs, such as doxorubicin, taxane derivatives,
resveratrol, porphyrin and vitamin E43, exhibited their therapeutic
activities in mitochondria. Certain drugs, including lonidamine,
arsenite, betulinic acid, CD437 and proapoptotic peptides, act
directly on mitochondrial membranes and/or the permeability
transition pore complex (PTPC)62. In addition, the molecules are
involved in the oxidation of thiols, generation of ROS and nitrogen
oxide, depletion of ADP/ATP, alkalinization of the mitochondrial
matrix, reduction of the mitochondrial transmembrane potential,
production of ganglioside GD3, calcium ion release, activation of
apical caspases and a translocation of proapoptotic BCL-2 family
members62.

3.2.1. Mitochondria-targeting cytotoxic drugs
To kill cancers and cells involved in other chronic disorders,
mitochondria-targeting cytotoxic drugs could interact specifically
with mitochondrial proteins and accumulate in the mitochondrial
matrix via an electrochemical gradient. Numerous studies have
applied TPP to anticancer drugs, and some studies have applied
specific peptides to chlorambucil and doxorubicin39,63. Here, we
discuss some examples, and Figs. 6 and 7 illustrate a summary of
toxic mitochondrial-targeting moiety–drug conjugates.

The most remarkable mitochondrial targeting moiety TPP has
been chemically attached to a variety of cytotoxic drugs, such as
salicylaldazine, chlorambucil, vitamin derivatives, porphyrin deri-
vatives, and quercetin. First, an aggregation-induced emission
(AIE) fluorophore called salicylaldazine was chemically linked
with TPP, resulting in a synthesis of TPP–AIE–Br conjugates (i.e.,
AIE–mito–TPP, Fig. 6). AIE–mito–TPP conjugates, which were
designed as image-guided mitochondrial targeting therapeutics for
cancer treatment64, more quickly and more selectively accumu-
lated in mitochondria of cancer cells compared with normal cells.
Mitochondrial accumulation of AIE–mito–TPP conjugates reduced
the mitochondrial membrane potential, induced ROS generation,
inhibited ATP production and negatively affected essential cancer
cell progress.

Second, chlorambucil from the nitrogen mustard class of DNA-
alkylating agents was conjugated with TPP via an amide linkage,
forming TPP–chlorambucil conjugates (i.e., Mito–Chlor, Fig. 6)33.
Mito–Chlor exhibited increased anticancer efficacy compared with
free chlorambucil in a pancreatic tumor in vivo. Although Mito–
Chlor did not directly damage mtDNA to induce cell death, its
mitochondrial accumulation and its indirect interaction with



Figure 6 Some examples of cytotoxic drugs conjugated with the mitochondria-targeting moiety triphenylphosphonium (TPP). Mitochondria-
targeting moieties, drugs and linkers are denoted by red, black and blue, respectively. The blue dotted lines indicate connections between a
mitochondria-targeting moiety and linker.
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nuclear DNA (nDNA), which is the target of free chlorambucil,
suggested that the mtDNA damage induced is sufficient to cause
cell death. In addition, its mode of action is distinct from the mode
of action of non-targeted chlorambucil.

Third, vitamin E succinate (VES) or alpha-tocopheryl succinate
(αTOS), which can selectively induce apoptosis in cancer cells,
were conjugated with TPP. As shown in Fig. 6, the resultant TPP–
VES (MitoVES) or TPP–αTOS conjugates were synthesized37. In
particular, mitochondrial accumulation of MitoVES conjugates
generated increased ROS levels and more efficient apoptosis,
leading to 10-fold greater antitumor efficacy compared with non-
targeted αTOS in two different tumor models37.

Fourth, it is a challenge to exactly localize a photosensitizer (PS) at
the target site, such as mitochondria, because light-induced PS
generates very short living singlet oxygen molecules. Thus, TPP
was directly conjugated with pheophorbide-a, a hydrophobic PS, to
improve the photodynamic efficacy of pheophorbide-a through
delivery to mitochondria65. TPP–pheophorbide-a conjugates exhibited
enhanced phototoxic efficacies compared with the non-target counter-
part (i.e., free pheophorbide-a) in both in vitro and in vivo studies. In
addition, via reactions of meso-tetraphenylporphyrin with TPP and
triethylammonium, two different types of TPP-porphyrin derivatives
(Fig. 6) were synthesized34. Their mitochondrial localization was
confirmed by overlapping the red fluorescence of the conjugates and
the green fluorescence of rhodamine 123, which exhibits intrinsic
mitochondrial targeting capability (Fig. 5F).

Fifth, MET (mesenchymal-epithelial transition) overexpression
in cancer cells is associated with the localization of MET proteins
in the mitochondria, leading to altered cellular metabolism,
including enhanced glycolysis, increased tricarboxylic acid cycle
activity, and increased oxidative phosphorylation66. Thus, TPP
was attached to a selective MET kinase inhibitor PHA665752, and
the resultant conjugate (i.e., TPP-PHA665752 conjugate, see
Fig. 6) referred to as TM608 localized to mitochondria67. Rapid
accumulation of TM608 in mitochondria suppressed MET activa-
tion in high MET-expressing, erlotinib-resistant cells.

Sixth, quercetin, which exhibits mitochondria-associated phar-
macological activity, including antioxidation and anticancer activ-
ity68, was chemically linked with TPP via an nucleophilic
substitution reaction to generate TPP–quercetin conjugates (shown
in Fig. 6) to deliver the drug (i.e., quercetin) to mitochondria69.
The conjugates triggered increased levels of ROS, sequentially
activating depolarization of the mitochondrial membrane potential
and the cytosolic release of cytochrome c from the mitochondria.
Subsequent activation of the caspase cascades caused increased
anticancer effects of the conjugates compared with free quercetin
in vitro and in vivo.

Doxorubicin (DOX) is an anti-cancer drug that intercalates into
DNA and inhibits the progression of Topoisomerase II, leading to
cell death. The drug was modified with several types of
mitochondria-targeting moieties, such as (Fx,r)3, nitrooxy, 3-phe-
nylsulfonylfuroxan, and DQA (Fig. 7). For example, (Fx,r)3–DOX
(mtDOX) conjugates, which were synthesized by a coupling
reaction between (Fx,r)3 and DOX, delivered DOX into the
mitochondria39 (Fig. 4E). Interestingly, mtDOX did not exhibit
more effective cytotoxicity compared with free DOX in DOX-
sensitive A2780 cells. However, mtDOX was not a substrate for a
p-glycoprotein (P-gp) efflux pump in contrast to its parent drug
DOX. Thus, mtDOX exhibited significantly greater therapeutic
effects compared with free DOX in DOX-resistant A2780/ADR
cells39. Using (Fx,r)3, mitochondria-targeting (Fx,r)3-platinum(II)
(mtPt) conjugates and (Fx,r)3-chlorambucil (mtCbl) conjugates
(Fig. 7) were also synthesized and exhibited mitochondrial
accumulation40,70. In addition, DOX was modified with 4-(2,3-



Figure 7 Some examples of cytotoxic drugs conjugated with the mitochondria-targeting moiety (Fx,r)3 and mitochondrial-targeting doxorubicin
(DOX) conjugated with various targeting moieties, such as (Fx,r)3, DQA, nitrooxy (Nit) and 3-phenylsulfonylfuroxan (Fur). Mitochondria-targeting
moieties, drugs and linkers are denoted in red, black and blue, respectively.
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dinitrooxypropyl)benzoic acid for enhanced mitochondria-
targeting abilities. For the chemical conjugation of 4-(2,3-dini-
trooxypropyl)benzoic acid with the free drug, DOX derivatives
such as 14-bromo/14-chlorodaunorubicine hydrobromide were
used, and the resultant mitochondria-targeting DOX conjugates
were abbreviated as NitDOX71,72 (Fig. 7). Compared to free DOX,
NitDOX was preferentially accumulated in the mitochondria and
then released NO in response to mitochondrial aldehyde dehy-
drogenase and P450 enzyme. The released NO further stimulated
ROS and RNS generation for cytosolic release of cytochrome c in
the mitochondria. Unlike DOX-mediated topoisomerase II inhibi-
tion in nucleus, the NO release of NitDOX caused apoptosis in the
mitochondria, leading to improved cytotoxicity against drug-
resistant cells. In general, mitochondria-targeting moieties have
both hydrophilicity and a positive charge. However, although the
introduction of the nitrooxy group into NitDOX made it more
hydrophobic than free DOX, as confirmed by a hydrophobicity
assay (i.e., an octane assay), the nitrooxy group was not positively
charged. Thus, its driving force for selective mitochondrial
accumulation was not clearly described. It seems possible that
NitDOX could use the positive charge in DOX because the
intracellular destinations of hydrophilic DOX derivatives (i.e.,
DOX �HCl) and hydrophobic DOX derivatives (i.e., DOX free
base) are the nucleus and mitochondria, respectively73,74. Also,
regarding DQA-DOX conjugates (Fig. 7), the conjugate was
further loaded into a polymeric micelle, and conjugate-loaded
micelles suppressed drug resistant tumor growth38.

Fluorouracil (5-FU) has been conjugated with the selective
mitochondria-localizing compound F16 to reduce its side effects
and enhance its selectivity towards cancer cells. Specifically,
the linkages in the F16–FU conjugates were altered via the
introduction of a C–C bond, ester bond, amide bond and
disulfide bond, and the resultant conjugates were referred to
as F16–FU, F16–OOC–FU, F16–NHOC–FU and F16–SS–FU
conjugates, respectively75 (Fig. 8A). F16–OOC–FU conjugates
exhibited the highest cytotoxicity among the conjugates but
exhibited cytotoxic activities similar to 5-FU in a tumor cell
line. However, in a normal cell line, F16–OOC–FU conjugates
exhibited reduced cytotoxic effects compared with 5-FU based
on the former's significant mitochondrial targeting ability75. In
addition, the mitochondrial targeting moiety F16 was intro-
duced to boron–dipyrromethene (BODIPY) with a phenylethy-
nyl linker, resulting in the synthesis of bifunctional
mitochondria-targeting anticancer drug conjugates (F16–pheny-
lethynyl–BODIPY conjugate; also called FPB, Fig. 8A). When
FPB was administered to cancer cells and normal cells, its
internalized amounts were higher in cancer cells (e.g., SGC-
7901) than in normal cells (e.g., GES-1). However, the inter-
esting results regarding the selection of tumor cells by the
cationic FPB were not explained in the original paper41. These
results could possibly be caused by different binding affinities
because cationic nanoparticles bind to depolarized plasma
membranes more than to polarized plasma membrane76.
Furthermore, the plasma membranes of cancer cells are more
depolarized than those of normal cells77, but this explanation
has not been confirmed. After cancer cells internalize FPB, the
F16 moiety in FPB preferentially guides FPB into mitochondria
owing to both the hydrophobic and cationic characteristics of
F1657. In the mitochondria of cancer cells, the delivered FPB
increased superoxide levels, depolarized mitochondrial mem-
brane potentials, disrupted mitochondrial structural integrity,
opened mitochondrial permeability transition pores, arrested the
cell cycle, induced the release of cytochrome c, generated ROS,
and finally triggered cell death via apoptosis. As a result, FPB
exhibited 2- to 20-fold increased cytotoxicity in cancer cells
compared with normal cells. In particular, the fluorescence of
both F16 and BODIPY indicates FPB as a potential conjugate
for both mitochondria targeting and fluorescent imaging41.

PS has been used for photodynamic therapy (PDT), which
represents an effective and minimally invasive therapeutic



Figure 8 Some examples of (A) mitochondria-targeting cytotoxic drugs conjugated with the F16 moiety; (B) mitochondria-targeting porphyrin
conjugates; and C) cyclic guanidine–geldanamycin conjugates.
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approach for treating cancers. Although some photosensitizers,
such as protoporphyrin IX78, phthalocyanine Pc479 and pheophor-
bide a80, have been known to localize in the mitochondria for a
long time, it is not observed for all PSs80. Thus, PSs must be
targeted to specific organelles in cells to improve their activities.
Among several mitochondria-targeting PSs developed34,56,65,81,
porphyrin derivatives, such as 5-(4-hydroxy-phenyl)-10,15,20-
triphenylporphyrin (HTPP), were linked with various
mitochondria-targeting moieties, including guanidine, diguanidine
and mitochondria localization sequences (MLS), to synthesize
guanidine–HTPP conjugates, diguanidine–HTPP conjugates and
MLS–HTPP conjugates (Fig. 8B). Among three examples, guani-
dine–porphyrin conjugates exhibited increased mitochondrial
accumulation and two-fold increased phototoxicity compared with
the other two conjugates against cancer cells34. Specifically, these
conjugates exhibited enhanced mitochondrial accumulation com-
pared with MLS–porphyrin given the lysosomal escape properties
of the guanidine group.

In addition, the small molecule gamitrinibs (also known as
geldanamycin), which is an Hsp90ATPase inhibitor in mitochondria
of tumor cells, was chemically linked with the mitochondria-targeting
moiety, cyclic guanidinium for enhanced mitochondria targeting.
Interestingly, monomer, dimers, trimers and tetramers of cyclic
guanidinium were introduced to gamitrinib (i.e. gamitrinib–G1, gami-
trinib–G2, gamitrinib–G3 and gamitrinib–G4 see Fig. 8C). gamitrinib–
G3 and gamitrinib–G4 exhibited increased mitochondrial accumulation
and 6- to 10-fold increased anticancer efficacy vs. gamitrinib–G1 and
gamitrinib–G2, due to different membrane depolarization activities82.
3.2.2. Mitochondria-targeting antioxidant drugs
Antioxidants are drugs that can neutralize free radicals by accepting
or donating electron(s) to eliminate the unpaired condition of the
radical. Antioxidant drugs can directly react with certain reactive
radicals and remove the radicals, whereas antioxidant-radicals may
become new free radicals that are less active, longer lived and less
dangerous than initial reactive radicals6. Generally, antioxidant
chemicals have aromatic ring structures and delocalize unpaired
electrons by donating a hydrogen atom toward free radicals formed
during certain oxidation reactions83. Antioxidants exert these effects
via several mechanisms: 1) scavenging the species that initiate
peroxidation, 2) quenching singlet oxygen molecules, 3) chelating
metal ions, 4) breaking chain reactions of free radicals and 5)
reducing superoxides84. Another important function of antioxidants is
to regulate ROS-related enzymes. Antioxidants can diminish the
cellular level of free radicals either by inhibiting the activities and
expression of free radical generating enzymes, such as NAD(P)H
oxidase and xanthine oxidase (XO), or by enhancing the activities
and expression of antioxidant enzymes, such as superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPX)6. These
antioxidant enzymes provide an important defense against free
radicals. Representative antioxidants include vitamin C, vitamin E,



Figure 9 (A) The first mitochondria-targeting antioxidant thiobutyltriphenylphosphonium bromide; and (B) mitochondria-targeting ubiquinone
derivatives.

Figure 10 Some examples of mitochondria-targeting antioxidants with (A) either pyrrolidine nitroxide or piperidin nitroxide derivatives; and (B)
pyrroline nitroxide derivatives.
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uric acid, glutathione, phenolics (e.g., phenol and polyphenols),
flavonoids, carotenoids, steroids and thiol compounds that are derived
from a variety of natural sources, such as fruits, vegetables, spices,
grains and herbs85.

Cell proliferation in tumors is stimulated by ROS (e.g., super-
oxide ½O ��

2 �) and hydrogen peroxide [H2O2] at low picomolar
levels86. Thus, some strategies to inhibit proliferation of cancer
cells have mitigated intracellular ROS levels with mitochondria-
targeting antioxidants in vitro and in vivo87–90. In 1995, a thiol
reagent was firstly modified with a mitochondria-targeting TPP
moiety, leading to the synthesis of thiobutyltriphenylphosphonium
bromide (Fig. 9A) to specifically deliver a thiol antioxidant into
the mitochondria15. Since then, a series of TPP–antioxidant
conjugates have been synthesized: TPP–ubiquinone conjugates
(e.g., MitoQ), TPP–carboxy–proxyl conjugates (e.g., MitoCP), and
TPP–vitamin E analogues conjugates (e.g., MitoE). Herein, we
describe some examples of mitochondria-targeting antioxidants
(Figs. 9–11).



Figure 11 Some examples of mitochondria-targeting antioxidants with (A) vitamin derivatives; (B) acidic derivatives; and (C) enzyme mimetics.
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Ubiquinone is a mitochondrial respiratory chain component
buried within the lipid core of the inner membrane where it is
reduced by two electrons from complexes I or II. The resulting
ubiquinol subsequently donates electrons to complex III (Fig. 2)91.
Ubiquinone reduces the generation of lipid peroxyl radicals within
mitochondria, similarly preventing lipid peroxidation92. However,
reduced levels of ubiquinone in mitochondria could disrupt the
mitochondrial reduction-oxidation balance, resulting in the loss of
mitochondrial homeostasis. Thus, mitochondria-targeting TPP was
covalently linked with a ubiquinone derivative via a bridge of an
aliphatic carbon chain, and the resultant [10-(4,5-dimethoxy-
2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenylpho-
sphonium methane sulfonate was named MitoQ, one of the TPP-
ubiquinone conjugates93 (Fig. 9B). MitoQ demonstrated its
protective effects in normal and diseased tissues, such as colitis,
cardiovascular diseases and neurodegenerative diseases, in in vitro
and in vivo experiments and clinical trials94–101. In addition,
MitoQ was applied to manipulate and investigate the status and
effects of mitochondrial antioxidants in mitochondrial oxidative
damages in apoptotic cell death93. Since then, numerous studies
have been performed using MitoQ102–106. In addition, the TPP–
plastoquinone derivative SkQ1 (Fig. 9B) was synthesized107 and
represents a successful mitochondria-antioxidant conjugate. In the
name SkQ1, Sk refers to a penetrating cation of “Skulachev ion”,
and Q refers to quinone61. SkQ1 exhibits two-fold increased
hydrogen peroxide inhibition potency compared with its derivative
MitoQ161. SkQ1 has been evaluated in vitro and in vivo and is
currently approved as a droplet formulation (called Visomitins)
for eye diseases in Russia108.
The antioxidant 3-carboxy proxyl, which contains a pyrrolidine
nitroxide group, was chemically linked with mitochondria-
targeting TPP, thus forming TPP-3-carboxy proxyl (MitoCP)
(Fig. 10A). Its acetamide (Ac) derivative MitoCP-Ac (Fig. 10A)
was synthesized by replacing the nitroxide in the MitoCP with Ac.
Both MitoCP and MitoCP-Ac inhibited tumor growth via a
superoxide dismutation-independent mechanism in mitochondria
and activated AMPK and decreased FOXM1 expression via AKT/
FOXO3/FOXM1 signaling pathways86. In addition, the modi
-fied derivatives 3-[(2-(triphenyphosphonio)acetamido)methyl]-
2,2,5,5-tetra-methylpyrrolidin-1-oxyl (mCP1) and 3-(2-(triphe -
nyphosphonio)acetamido)-2,2,5,5-tetra-methylpyrrolidin-1-oxyl (mCP2)
(Fig. 10A) were synthesized using both antioxidant and antihy-
pertensive drugs109,110. In vitro studies in human aortic endothelial
cells showed that the cellular uptake of mCP1 and mCP2
was 1.37-fold increased vs. the known antioxidant
(2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) tri-
phenylphosphonium) [mitoTEMPO] (Fig. 10A) at high concentra-
tions, indicating greater bioreduction resistance of the former
proxyl nitroxide (i.e., mCP1 and mCP2). In contrast, in vivo
studies in angiotensin II-infused mice revealed that mCP1 and
mCP2 exhibited anti-hypertensive and antioxidant effects similar
to mitoTEMPO. Thus, mitochondria-targeting proxyls could be
effective antioxidants with anti-hypertensive activity because
proxyls (i.e., the nitroxides of pyrrolidine series) exhibit increased
resistant to bioreduction compared with 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-N-oxyl (TEMPOL)111. A library of TPP–nitrox-
ide conjugates was prepared, and their radioprotective effects were
assessed in γ-irradiated mouse embryo cells and human epithelial
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BEAS-2B cells111. From the library, [2-(1-oxyl-2,2,6,6-tetra-
methylpiperidin-4-ylimino)-ethyl]-triphenyl-phosphonium (TPEY
–TEMPO) caused externalization of phosphatidylserine on the
cell surface and inhibited the release of cytochrome c from
mitochondria, leading to significant inhibition of radiation-
induced apoptosis111.

Radical-trapping chemicals, such as 5-(diethylphosphono)-5-
methyl-1-pyrroline N-oxide (DEPMPO) and 5-(diisopropoxypho-
sphoryl)-5-methyl-1-pyrroline-N-oxide (DIPPMPO), were modi-
fied by mitochondria-targeting TPP or guanidinium moieties
(Fig. 10B)112. In mitochondrial uptake studies after a 30 min
incubation, Mito10DEPMPO and MitoDIPPMPO exhibited 24-fold
and 12-fold increased mitochondrial uptake compared with non-
targeted DEPMPO and DIPPMPO, respectively. The lipophilic
cation of the mitochondrial targeting moiety is thought to cause
mitochondrial accumulation of the conjugates in a membrane
potential-dependent manner. In addition, all TPP-modified deriva-
tives (e.g., MitoDEPMPO and MitoDIPPMPO) efficiently reacted
with superoxides and then formed stable adducts. In particular, the
apparent half-life of the O2

�� adducts were 22 min for Mito10-
DEPMPO and 73 min for MitoDIPPMPO, indicating that Mito-
DEPMPO and MitoDIPPMPO would be potential spin traps for
mitochondrial superoxide.

Vitamins, such as vitamin C and vitamin E, have also been
designed for mitochondrial delivery. First, for hydrophilic ascor-
bate (i.e., vitamin C), TPP conjugates (i.e., TPP-ascorbates or
MitoC analogues, Fig. 11A) were synthesized with various
lipophilicities113. Among various MitoC analogues, MitoC with
an 11-carbon linker accumulated in mitochondria and was
continuously recycled to its active form for antioxidant activity
by the mitochondrial glutathione and thioredoxin systems. MitoC
was clearly shown to be a more effective antioxidant than
ascorbate. Second, when conjugating vitamin E with a TPP moiety
in the presence of alkyl linkers, TPP-vitamin E (MitoE) conjugates
(Fig. 11A) were synthesized114. MitoE conjugates accumulated in
mitochondria and exhibited increased prevention of lipid perox-
idation, mitochondrial oxidative damage and mtDNA damage
compared with non-targeted compounds.

Oleic acid, which is known as a mono-unsaturated omega-9-
fatty acid, was modified by a substitution with an imidazole
moiety. The resultant imidazole-substituted oleic acid (IOA) was
conjugated with TPP in the presence of 3-hydroxypropyl linker,
resulting in the formation of TPP-IOA conjugates (Fig. 11B).
The TPP-IOA conjugates interacted directly with cytochrome c
in mitochondria, preventing both the cytosolic release and
peroxidase activity of cytochrome c, inhibiting oxidation of
cardiolipin and consequently inhibiting apoptosis in SH-SY5Y
cells115. As a specific inhibitor of cytochrome c, TPP–IOA
conjugates could represent potential therapeutics to block cell
death mediated by the mitochondrial mitophagy pathway. IOA
positively affects oxidative phosphorylation, an important energy
production pathway in proliferative cells (e.g., cancer cells) under
hypoxic conditions. Therefore, the application of TPP-IOA con-
jugates for anti-apoptotic therapy in highly glycolytic cells might
be limited.

Lipoic acid (LA) is a widely used antioxidant that protects
mitochondria from oxidative damage in vivo based on the
reduction of LA to dihydrolipoic acid (LAH2). To obtain effective
mitochondrial protection, an α-lipoyl derivative was chemically
linked with TPP for the synthesis of TPP–LA (MitoLA) con-
jugates116 (Fig. 11B). MitoLA exhibited several hundred-fold
more rapid accumulation in mitochondria compared with its non-
targeting counterpart (i.e., LA). The mitochondrial membrane
potentials improved membrane penetration of lipophilic cations
of MitoLA vs. the hydrophilic anions of LA. In particular, MitoLA
conjugates were reduced to their active antioxidant form dihydro
MitoLA (i.e., MitoLAH2) by thioredoxin and lipoamide dehydro-
genase but not by thioredoxin reductase (TrxR).

To mimic oxidative stress scavenging enzymes in mitochondria,
such as peroxidase and superoxide dismutase (SOD), certain
chemical mimics were chemically modified to target their delivery
in the mitochondria. First, 2-[4-(4-triphenylphosphoniobutoxy)
phenyl]-1,2-benzisoselenazol-3(2H)-one iodide (MitoPeroxidase)
was designed. Its co-delivery with ebselen reduced mitochondrial
oxidative stress and then sequentially decreased oxidative stress-
induced apoptosis117. Second, a superoxide (O ��

2 )-selective
pentaaza macrocyclic Mn(II) SOD mimetic was conjugated to
TPP to generate MitoSOD (Fig. 11C), a mitochondria-targeted
SOD mimetic118. MitoSOD mimetics rapidly accumulated in the
mitochondria by a driving force of extensive mitochondrial
membrane potential, and the mitochondrial delivery of these
compounds did not induce loss of Mn2þ and SOD biological
activity. In particular, the designed MitoSOD mimetics selectively
protected the mitochondria from superoxide damage, further
indicating that the mimetics are effective alternatives to SOD.
3.2.3. Delivery of sensing/imaging molecules to mitochondria
Many chronic disorders are caused by the generation of mitochon-
drial ROS, reactive nitrogen species (RNS) and sulfur dioxide
species (SOS) in the human body119. Thus, to understand and
detect characteristics (e.g., concentration, lifetime, species, etc.) of
ROS, RNS and SOS, the development of mitochondrial-targeted
sensing materials for these reactive species is challenging. The
detection of mitochondrial-targeted sensing materials is achieved
via a fluorescence technique given the highly sensitivity and non-
destructive characteristics of these compounds120,121.

First, certain carbon dots (C-dots) were chemically modified with
TPP, and the resultant TPP-C-dot conjugates were synthesized as
mitochondria-targeting nanoprobes for detecting peroxynitrite
(ONOO–)122. As shown in Fig. 12A, the o-diaminobenzene moiety
on the surface of fluorescent TPP-C-dot conjugates selectively reacts
with peroxynitrite and

�

NO2 (e.g., a kind of free radical intermediate
obtained from the decomposition of ONOO�) and is then converted
to a benzotriazole moiety by a photoinduced electron transfer (PET)
process. During the reaction, the fluorescence of the TPP-C-dot
conjugates is quenched. Using the two characteristics of TPP-guided
mitochondrial accumulation and peroxynitrite-responsive fluorescence
on/off switching, the fluorescent TPP-C-dot conjugates could be
applied as mitochondrial nanoprobes for sensing the presence of
ONOO� and

�

NO2 in the mitochondria and have the potential to be
developed as intracellular diagnostic probes for detecting a variety of
diseases related to ONOO� and

�

NO2.
Both cytochrome c oxidase (COX; also called as complexes IV) and

ATP synthase (complexes V) subunits are significant complexes of
oxidative phosphorylation (OXPHOS) in mitochondrial respiration.
Their mRNA levels could be negatively influenced by mitochondrial
sulfur dioxide (SO2) derivatives, inducing various diseases, such as
lung cancers and neurological disorders. Thus, their selective removal
is significant. A mitochondria-targeted fluorescent probe CZBI (abbre-
viated from carbazole and benzo[e]indolium) was prepared via a
condensation reaction of 9-(4-chlorobutyl)-9H-carbazole-3-carbalde-
hyde with 3-ethyl-1,1,2-trimethyl-1H-benzo[e]indolium iodide. As
shown in Fig. 12B, the nanoprobe conjugates with carbazole and



Figure 12 Mitochondrial-targeting sensor molecules and their activation. (A) Triphenylphosphonium carbon dot conjugate (TPP-C-dots) and its
interaction with the peroxinitrite radical124; (B) design and sensing mechanism of the probe CZBI for bisulfite anion (HSO3

–)121; (C) response
mechanism of the mitochondrial-targeted near-infrared fluorescence probe NDMBT for HSO3

–/SO3
2� sensing126; and (D) structure of BiTClO and

its reaction mechanism with the hypochlorite anion (ClO–)128.
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benzo[e]indolium exhibited high sensitivity and high selectivity for
SO2 derivatives compared with other sulfur-containing molecules, such
as hydrogen sulfide, cysteine, homocysteine and glutathione, in
aqueous solutions123. CZBI can be applied for the detection of
intrinsically generated intracellular sulfur dioxide derivatives in the
mitochondria by ratiometric fluorescence imaging in living cells.

In addition, for ultrafast and ratiometric detection of SO2

derivatives and live cell imaging, the mitochondrial-targeted
near-infrared fluorescence probe NDMBT was synthesized by
refluxing 6-(dimethylamino)-2-naphthaldehyde with 2,3-dimethyl-
benzothiazolium iodide in methanol124. The nanoprobe detects SO2

derivatives with a ultrafast response time (10 s) using a Michael
addition reaction (Fig. 12C). In particular, NDMBT has large
hypsochromic shift, high photostability, excellent selectivity and high
sensitivity in aqueous media. The detection limit is 43 nmol/L for SO2

derivatives. Specifically, imaging results demonstrated that
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the NDMBT probe is mitochondria targeted and can be applied to
imaging both exogenous and endogenous SO2 derivatives in
live cells.

The peroxidation reaction by myeloperoxidase (MPO) chemi-
cally transforms hydrogen peroxide and chloride ions into hypo-
chlorous acid (HClO)/hypochlorite (ClO–). The resultant HClO/
ClO– species serve as powerful antimicrobial agents effective
against a wide range of pathogens. However, the excessive
generation of ClO– ions in the body causes numerous diseases,
such as cardiovascular diseases, atherosclerosis, osteoarthritis,
rheumatoid arthritis, lung injury and even cancers2,125. Thus, the
detection and sensing of ClO– ions in mitochondria is of great
importance to understand the relationship between ClO– ions and
related diseases. To sense the ion, a biotin–rhodamine–TPP
conjugate called BiTClO was synthesized. Specifically, biotin
and TPP were used in the conjugate to target the tumor and
mitochondria, respectively126. When ClO– is absent in an aqueous
solution supplemented with BiTClO, the nanoprobe does not emit
fluorescence at 575 nm upon excitation at 560 nm. However, in
response to the interaction between the ion and BiTClO, the
nanoprobe emits strong fluorescence via ClO–-induced oxidation
of the rhodamine in BiTClO (Fig. 12D). BiTClO senses the ClO–

ion with great selectivity and high sensitivity compared with other
ROS and metal ions.
3.2.4. Delivery of theranostics to mitochondria
Currently, interest in theranostics with the dual functions of
therapeutic efficacy and diagnosis/imaging is growing. Addition-
ally, when introducing mitochondrial targetability into theranos-
tics, it is possible to design three-in-one conjugates equipped
with treatment, imaging, and mitochondria-targeting abilities.
Thus, some researchers have designed mitochondria-targeting
theranostics by combining mitochondria-targeting molecules, ther-
apeutic molecules, and imaging molecules and have sometimes
selected certain molecules with dual or triple functions in one
molecule127–129. Thus, mitochondria-targeting theranostics could
be prepared with 1) a mitochondria-targeting moiety linked with
a theranostic molecule (i.e., a therapeutic/imaging molecule);
2) a mitochondria-targeting/therapeutic molecule linked with an
imaging molecule; 3) a mitochondria-targeting/imaging molecule
linked with a therapeutic molecule; or 4) a mitochondrial targeting/
imaging/therapeutic molecule.

First, examples of a mitochondrial-targeting moiety linked with
a theranostic molecule including the mitochondria-targeting por-
phyrin derivatives previously mentioned in Figs. 6 and 8. The
conjugates have TPP, guanidine, or MTS for mitochondrial
targeting. Interestingly, porphyrin derivatives not only could
present therapeutic effects (i.e., mostly killing activities) in the
presence of light and oxygen but also could be used as imaging
agents due to their strong fluorescence emission properties. Thus,
porphyrin derivatives have frequently been considered for use as
theranostic agents in cancer34,56,65,81.

Second, oridonin-linked coumarin derivatives are examples of
mitochondria-targeting/imaging molecules linked with therapeutic
molecules. Xu et al.129 chemically linked a neoplastic drug,
oridonin, with highly fluorescent N,N-dialkyl-7-aminocoumarin
derivatives and ultimately designed oridonin–coumarin conjugates
as anticancer fluorescent probes. However, interestingly, the
conjugates were preferentially accumulated in the mitochondria
due to the lipophilic-cationic characteristics of N,N-dialkyl-7-
aminocoumarin derivatives128 and their colocalization was
confirmed by overlapping the fluorescence of both the coumarin
derivatives and MitoTrackerTM Red. Moreover, the oridonin unit
in the conjugates triggered the release of cytochrome c and
induced apoptosis, leading to cell death.

F16 (Fig. 8) has three functions simultaneously in one
molecule: 1) mitochondria-targeting ability due to its lipophilic
and cationic characteristics; 2) therapeutic efficacy due to its
killing activities against cancer cells; and 3) imaging abilities due
to its intrinsic fluorescence41. Two F16–drug moieties (e.g., the
F16-linked 5-FU conjugates and F16-linked porphyrin conjugates
in Fig. 8), could be delivered in one conjugate to synergize their
therapeutic effects. Additionally, by designing F16-imaging mole-
cule conjugates (e.g., the F16-linked porphyrin conjugates and
F16-linked BODIPY conjugates in Fig. 8), two imaging molecules
could be delivered in one conjugate to synergize their imaging
potentials. By designing F16-mitochondria-targeting molecule
conjugates (e.g., F16-linked TPP conjugates), two mitochondria-
targeting molecules could be delivered in one conjugate to achieve
greater accumulation in the mitochondria of tumor cells than
conjugates with one mitochondria-targeting moiety, which could
cause increased cell-killing activities, indicating that this conjugate
could be used in the image-guided therapy of cancer127.
4. Future perspective

A number of studies have assessed mitochondrial targeting
of therapeutic agents, antioxidants and sensors. Regarding
mitochondria-targeted anticancer agents, numerous promising results
have been investigated, but few clinical studies have been reported.
Successful mitochondria-targeting agents in the clinic should possess
a variety of characteristics, including long circulation in the blood for
drug exposure, selectivity for tumor tissues and tumor cells, and
strong accumulation in the mitochondria3,39,130,131. In addition, the
currently applied mitochondria-targeting agents have some draw-
backs. For example, DLC efficiently accumulates in the mitochondria
due to the negative mitochondrial membrane potential; however, it is
known to have intrinsic toxicity, limiting its clinical applica-
tions44,132–135. Some other targeting ligands such as peptides have
drawbacks due to their bulky structures, solubility, intrinsically poor
membrane permeability and extremely low serum stability3,47. More
studies should are needed to produce clinically applicable
mitochondria-targeting agents.

It is still challenging to develop agents that preferentially target
mitochondrial abnormalities in cancer cells without toxicity to
normal cells. For this challenge, various factors (e.g., charge, size,
anatomy, membrane potential, and extracellular specificity) and
their combinations could be considered. First, the charges of
agents affect their colloidal stability in the blood and cellular
internalization. That is, anionic agents generally have colloidal
stability in the blood, whereas cationic systems can aggregate with
serum proteins and blood cells during blood circulation. Addi-
tionally, cationic agents are preferentially internalized in cancer
cells over normal cells76 due to the greater depolarized plasma
membrane potentials in cancer cells than in normal cells77. Thus,
regarding charge, a design strategy for efficient anticancer agents
could include agents with both a negative charge in the blood and
a positive charge, which requires molecules with charge-
conversion character. Second, regarding sizes, nanosized drug
delivery system is preferentially accumulated in tumor tissue vs.
small molecules owing to anatomical factors (e.g., the enhanced
permeability and retention [EPR] effect). Thus, after the selective
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accumulation of negatively charged or hydrophilic polymer-
stabilized nanosized DDS in tumor tissue, the surface character-
istics of DDS would transform into cationic charges. The charge
conversion could be chemically or physically triggered by tumor-
specific stimuli such as extratumoral acidic pH values or enzymes
(e.g., matrix metalloproteinases). For example, citraconic or
aconitic amides with carboxylic acids could transform into amines
after the acid-triggered detachment of citraconic or aconitic acids.
The concept of charge-tunable nanosized DDS could allow
selective accumulation in tumor cells over normal cells.

On the other hand, in many cases, directly linking a targeting
moiety to therapeutic molecules reduced the efficacy of the parent
drugs, which may be associated with the deactivation or inhibition of
the active portion of therapeutic agents in certain diseases. This issue
could be overcome by physical loading of drugs in nanosized drug
carriers. In this field, many studies have been initiated during the last
decade. As mentioned, the nanocarriers could be selectively accu-
mulated in abnormal sites like cancers through enhanced permeability
and retention (EPR) effect which occur due to leaky vasculature and
reduced lymphatic drainage of tumor tissue.

Regarding mitochondrial targeting antioxidants, very promising
clinical results have been reported, and the antioxidant SkQ1
(called as Visomitins) was approved in Russia for the treatment of
eye diseases. It is possible that this agent will be approved in the
U.S. and other countries for eye diseases or other diseases.
5. Conclusions

The direct conjugation of mitochondrial-targeting moieties to
various cytotoxic agents, antioxidants and sensing agents using
various linkers was reviewed. In addition to the most widely used
mitochondrial moiety, TPP, several other mitochondrial targeting
moieties have been used to mitochondrially target drugs, antiox-
idants, and sensors. Several mitochondrial targeting moiety-
anticancer drug conjugates have been studied in vitro and
in vivo, yet clinical studies are lacking. Regarding mitochondrial
targeting antioxidants, several clinical studies have been per-
formed, especially studies on MitoQ and SkQ1 conjugates.
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