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Abstract

Mitochondria, the so-called “energy factory of cells” not only produce energy but also contribute
immensely in cellular mortality management. Mitochondrial dysfunctions result in various
diseases including but not limited to cancer, atherosclerosis, and neurodegenerative diseases. In
the recent years, targeting mitochondria emerged as an attractive strategy to control mitochondrial
dysfunction related diseases. Despite the desire to direct therapeutics to the mitochondria, the
actual task is more difficult due to the highly complex nature of the mitochondria. The potential
benefits of integrating nanomaterials with properties such as biodegradability, magnetization,
fluorescence, and near-infrared absorption into a single object of nanoscale dimensions can lead to
the development of hybrid nano-medical platforms for targeting therapeutics to the mitochondria.
Only a handful of nanoparticles based on metal oxides, gold nanoparticles, dendrons, carbon
nanotubes, and liposomes were recently engineered to target mitochondria. Most of these
materials face tremendous challenges when administered in vivo due to their limited
biocompatibility. Biodegradable polymeric nanoparticles emerged as eminent candidates for
effective drug delivery. In this review we highlight the current advancements in the development
of biodegradable nanoparticle platforms as effective targeting tools for mitochondrial medicine.

Introduction

The mitochondria are complex organelles that can be found in most eukaryotic cells. They
are essential to life and are associated with the production of adenosine triphosphate (ATP)
(1). The introduction of mitochondria into cells occurred over a billion years ago when
remnants of bacteria invaded prokaryotic cells (2, 3). This relationship proved to be
synergistic and beneficial for both groups involved in that the remnants of and the host cells
were provided with a new source of energy (4, 5). The mitochondria copy number per cell
can vary from several hundred to several thousand depending on the cell type. Mitochondria
participate in a number of functions including, but not limited to ATP production, amino
acid biosynthesis, specific ion buffering, management of reactive oxygen species (ROS),
and initiation of apoptotic pathways (6-8). Owing to these unique characteristic features,
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mitochondria play a central role in regulating cell death by systematic mechanism known as
apoptosis (9). Since the first incidence of mitochondrial dysfunction related diseases (10),
many pathological and toxicological problems were linked to the abnormalities in
mitochondrial functions. Some of the acquired conditions associated with mitochondrial
dysfunctions are presented in Table 1. Thus targeting mitochondria can be extremely
advantageous to produce better therapeutic modalities for these diseases. Despite the desire
to direct therapeutics to the mitochondria, the actual task is more difficult due to the highly
complex nature of the mitochondria, which is composed of four parts: the outer
mitochondrial membrane (OMM), the intermembrane space (IMS), the inner mitochondrial
membrane (IMM), and the matrix (Figure 1).

Crossing the OMM is pure concentration driven in that molecules can freely pass back and
forth through passive diffusion (34). The main hurdle, however, is that many of these
therapeutics lack the structural components required to cross the complex mitochondrial
membrane network to reach into the mitochondrial matrix. The presence of the unusual
phospholipid cardiolipin (CL) and a strong negative membrane potential (Auy,) of ~-160
to-180 mV which exists across the membranes make it extremely difficult task for small
molecules to cross the membranes. IMM has various proteins and selective ion transporters
including variety of protein groups, which are involved in the electron transport chain (ETC)
and ATP synthesis (35). Owing to its unique characteristic features, mitochondrion plays a
central role in regulating cell death by a systematic apoptosis mechanism (36, 37). Therefore
selective targeting of mitochondria will be of great advantage to produce better therapeutic
modalities for various diseases. A handful of low molecular weight mitochondria-targeted
small molecules are known in the literature (Table 2), but often these molecules demonstrate
poor pharmacokinetic (pK) properties and unfavorable biodistribution (bioD) profiles when
administered in vivo (38). In many instances, small molecules loose their efficacy with the
attachment of new functionalities necessary for introduction of the mitochondria targeting
ligands (39).

Nanotechnology made significant strides for the advancement of medicine by improving pK
and bioD profiles of various therapeutics keeping their pristine form intact for therapeutic
effects, however, there is a notable lack of progress in the development of mitochondria-
targeted drug delivery systems and application of nanotechnology in mitochondrial medicine
(Figure 2) (40).

The reasons behind this possibly include the notion that drugs targeted to the cell will
eventually reach the mitochondrion by random interaction with subcellular components.
Therefore, most drug delivery systems are designed to target only extracellular targets (74).
However, drugs delivered to cell face tremendous challenges in their navigation to enter
mitochondria. Nanotechnology based delivery vehicles provide numerous advantages to
increase the therapeutic activities of small molecules (75, 76). Nano formulations also offer
additional features such as delivering drug molecule in their pristine form, solubilizing
hydrophobic drug, increasing the half-life, reducing side effects, and immunogenicity (77—
79). Nano-delivery vehicles can be modified to target specific organelle for the effective
delivery of drug cargo at its site of action. Thus site directed drug delivery with increased
potency would circumvent the failure of current treatment modalities. To deliver payloads
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inside the mitochondrial matrix and to have spatio-temporal control over release of payloads
in different mitochondrial compartments, nanoparticle (NP) based delivery vehicles need to
be engineered with precise size, lipophilic surface, appropriate charge, and specific targeting
moieties on the surface. The requirements of biocompatibility and biodegradability of the
materials used for NPs for potential in vivo translation further impose additional factors. In
this review, we will highlight the current advances of mitochondria targeted NP platforms
with special emphasis on biodegradable polymeric scaffolds for mitochondrial delivery of
therapeutics.

Mitochondria Targeted Micelles, Dendrimers, and Carbon Nanotubes

Several studies investigated the possibility of using increased mitochondrial accumulation
and retention of delocalized lipophilic cations such as dequalinium (1,1’-decamethylene bis
(4-aminoquinaldiniumchloride), DQA) (80). Given the amphiphilic nature of DQA, it forms
positively charged liposome-like structures popularly known as DQAsomes which take
advantage of the highly negative Ay, in cancer cells (81). Thus DQAsomes were
extensively used as mitochondriotropic carriers to deliver cytotoxic drugs or DNA inside
mitochondrial network (Figure 3) (81, 82).

Suitably modified DQAsomes were used to deliver plasmid DNA (pDNA) in the form of
‘DQAplexes’, a hybrid structure made up of DQAsome and DNA, to the mitochondria (82).
The utility of DQAsome was extended to deliver chemotherapeutic drugs selectively to the
mitochondria. Taxol scaffold derived drug paclitaxel was used in the DQAsomes
nanostructures to induce apoptosis followed by cell death (83). However, the lack of exact
mechanism and versatility of these formulations limit their use as potential drug delivery
systems.

Dendrimers are hyperbranched synthetic macromolecules with three components: central
core, repeated branches, and controlled number of available groups on the surface to load
multiple functionalities. The core and branched space can be used to entrap biomolecules
and the functionalities on the surface can be used to incorporate various moieties, these
properties make dendrimers versatile pharmaceutical nanocarriers (84). Dendrimers with a
high generation number (G>5) and high net positive charge from lipophilic cationic
molecules such as rhodamine and triphenylphosphonium (TPP) cation has the potential to
promote endosomal escape and can participate in delivering chemotherapeutic drugs to the
mitochondria. Poly(amidoamine) (PAMAM) dendrimer is extensively used as a scaffold to
deliver drugs and genomic materials (85). Torchilin and coworkers developed PAMAM
based G(5)-D-Ac-TPP where NH, were acetylated for non specific binding and further
coupled with TPP cation for mitochondria-targeted drug delivery (86) (Figure 4). These
nanocarriers were further labeled with fluorescent dye to monitor intracellular localization of
the dendrimers. Cytotoxicity of these carriers was found to be significantly less. The
presence of mitochondriotropic TPP groups on the surface of PAMAM dendrimer
demonstrated mitochondria-targeting property. Further investigations are needed to
understand the ability of the mitochondria-targeted dendrimers to deliver therapeutic
payloads to the mitochondria.
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A similar approach was used to deliver enhanced green fluorescent protein (EGFP) and
luciferase gene to the HeLa and COS-7 cells utilizing mitochondria targeting TPP bearing
PAMAM dendrimers (G5-TPP) (Figure 5) (87). These gene transfection dendrimers were
found to be non-toxic under the transfection conditions. The transfection efficacy of G5-TPP
was demonstrated to be similar to that of commercially available agent, Lipofectamine-2000
and even higher as compared to dendrimer-based gene transfection reagent-SuperFect and
unmodified G5 dendrimer. G5-TPP dendrimer scaffold exhibited efficient DNA packing/
unpacking, endosomal escape, and finally targeted the mitochondria demonstrating potential
utility of this system in mitochondria targeted drug and genomic delivery.

Theodossiou et al., recently developed a lipophilic decyl-TPP coated poly(ethylene imine)
(PEI-TPP) hyperbranched polymer nano-assembly of a diameter of ~100 nm to deliver
encapsulated doxorubicin (DOX), a potent topoisomerase Il inhibitor, to the mitochondria
(88). This nano-formulation, PEI-TPP-DOX, was shown to localize in the mitochondria of
human prostate carcinoma DU145 cells.

The use of multi-walled carbon nanotubes (MWCNTS) as scaffolds to deliver anticancer
drugs upon appropriate surface functionalization with mitochondria targeted ligands was
also recently explored (Figure 6 and 7).

Mitochondria targeted peptide sequence (MTS) KMSVLTPLLLRGLTGSARRLPVPRAKC
was installed on MWCNT surface to achieve effective mitochondria targeted vehicle for
drug delivery (Figure 6). This extensively characterized nanosystem exhibited high levels of
mitochondrial accumulation in macrophages and HeLa cells using confocal studies.
Transmission electron microscopy (TEM) studies further confirmed the intracellular
localization of the delivery vehicle inside the mitochondria. Interestingly these MTS
decorated MWCNTS based nanosystems do not show any significant cytotoxicity which
potentiate their use as effective delivery systems (89).

In another recent report cationic rhodamine-110 was used as a mitochondria targeting ligand
(MWCNT-Rho) and fluorescein (MWCNT-Fluo) was used as a non-targeted control (Figure
7) (90). A platinum(I1V) prodrug (PtBz) entrapped MWCNT-Rho showed enhanced potency
with significantly higher mitochondrial localization as compared to the non-targeted
construct. Interestingly, empty MWCNT-Rho neither showed cell toxicity nor modulated the
Ay, Further this platform was used to co-encapsulate PtBz and a chemosensitizer, 3-
bromopyruvate (3-BP), to demonstrate synergistic effect in various cancer cell lines.
Toxicity of this technology should be explored extensively to understand the potential of
using carbon nanotubes to deliver therapeutics to the mitochondria.

Liposome Based Mitochondria Targeted Delivery Vehicles

Among the numerous types of nanocarriers, liposomes emerged as promising delivery
systems (75, 91). Several liposomal formulations are either food and drug administration
(FDA) approved or are in the advanced stage of clinical trials (75, 92). Liposomes are lipid
derived biodegradable nanomaterials that utilizes its unique structural features to entrap both
hydrophobic and hydrophilic drugs. Liposomes are nano-or micro-particles which are
essentially multilayer or bilayer vesicles that have an aqueous core surrounded by a lipid
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bilayer that can be anywhere from 50 to 5,000 nm in diameter. At the molecular level, a
liposome is composed of amphiphilic lipid that upon hydration self-assembles into
nanocarrier. Although, natural liposomes have the ability to fuse with cell membranes
effectively releasing the cargo in the cytoplasm, such is not the case for synthetic lipids (93).
Usually, synthetic lipids are taken up via endocytotic pathways which ultimately lead to
their demise due to the fact that many times these are transported out of the cell (94).
Appropriately surface functionalized liposomes with targeted moieties can provide potent
therapeutic options for site directed drug delivery (95). A way to combat this is to have
organelle-specific surface attached targeting moieties (96). This allows liposomes to escape
endosomes and travel through the cytoplasm to its final destination (Figure 8).

This concept was recently implemented where such a system was shown to undergo
endosomal escape and target the mitochondria (97, 98). Using stearylTPP (STPP) bromide, a
liposome was synthesized via film rehydration followed by ultrasonication. By
encapsulating a rhodamine-PE dye, these liposomes were tracked in vitro in BT-20 human
breast cancer cells. These liposome were found to colocalize with MitoTracker red in the
mitochondria. However, size and polydispersity of the liposomes are the drawbacks of this
technology. A smaller diameter and more monodispersed formulation are desired for
effective mitochondria targeting.

Utilizing the mitochondria targeting characteristics of STPP, a recent study loaded DOX
inside STPP derived liposomes and further surface functionalization with folic acid (FA)
resulted in liposomes with dual targeting motif (99). These dual targeting liposomes were
found to be more potent than the controls as a consequence of efficient delivery of DOX to
the mitochondria. Efforts were also made to incorporate paclitaxel (PTX) in STPP modified
liposomes for mitochondrial delivery (100). To further mimic the tumor environment,
spheroids of PTX resistant Ovcar-3 cancer cells were devised and cytotoxicity of PTX
containing STPP liposomes was evaluated. Targeting PTX to the mitochondria showed
reduction in the ICsq values and greater PTX distribution in spheroids. However, the major
contribution of cytotoxicity was found to be due to the cell-specific toxicity of STPP.
Conjugation of DQA to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol) (DSPE-PEG) at the PEG terminal resulted in DQA-PEGyqq0-
DSPE as a mitochondria targeting phospholipid. Liposomes derived from this phospholipid
were able to deliver resveratrol to the mitochondria and able to induce apoptosis in cisplatin
resistant cancer cells (101).

In an approach to overcome the non-specific cytotoxicity of STPP derived liposomes, a
polyethylene glycol-phosphatidylethanolamine (PEG-PE) was conjugated with TPP group to
result in TPP-PEG-PE. This conjugate was incorporated into the liposomal lipid bilayer, and
the modified liposomes were used in PTX delivery. The TPP-PEG-PE-modified liposomes
(TPP-PEG-L) were found to be less cytotoxic compared to STPP-derived liposomes or
PEGylated STPP liposomes. PTX-loaded TPP-PEG-liposomes demonstrated enhanced
PTX-mediated cytotoxicity and anti-tumor efficacy both in vitro and in vivo compared to
PTX-loaded unmodified plain liposomes (102). In another example, a liposomal delivery
system functionalized with d-a-tocopheryl polyethylene glycol 1000 succinate-TPP cation
as a targeting ligand (TPGS1000-TPP) was devised for delivery of PTX (103). Incorporation
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of TPP and TPGS1000 provided efficient delivery of paclitaxel in the mitochondria of drug-
resistant cancer cells and induced apoptosis by releasing cytochrome c, and initiating a
cascade of caspase 9 and caspase 3 events.

A nanocarrier based on oligolysine scaffold containing two TPP cations per oligomer was
devised to deliver payloads inside the mitochondria of cells. The oligolysine-based
nanocarrier failed to enter healthy cells, however, the TPP cation modified oligolysine
carrier demonstrated mitochondrial specificity (104).

Polymeric NPs for Mitochondria Targeted Payload Delivery

Polymeric NPs from biocompatible and biodegradable polymers can serve as most
promising delivery systems (76, 91, 105). By using an engineered composition of
hydrophobic and hydrophilic blocks, these polymers can be used to encapsulate both water-
soluble and water-insoluble therapeutics, through emulsion or nanoprecipitation,
respectively (75, 79, 105, 106). Polymeric NPs have the ability to overcome many of the
drawbacks associated with liposomes in that they possess higher stability and a more
controlled payload release (75, 105, 107). Biocompatible and biodegradable polyesters such
as poly(lactic acid) (PLA), poly(glyocolic acid) (PGA), their copolymer poly(lactic-co-
glycolic acid) (PLGA), and polycaprolactone (PCL) are the most attractive choices as
hydrophobic blocks (75, 108). The most widely used hydrophilic block is FDA approved
PEG. The hydrophobic blocks typically provide added stability, PEG allows for longer
retention time within the body, PEGylation also has the unique characteristic of allowing for
further functionalization for the attachment of drugs or targeting moieties. These desirable
qualities along with the ability to encapsulate numerous drugs efficiently with a precise
control over size make polymeric NPs a prime candidate for mitochondria targeting.

One of the early examples of polymeric NPs as mitochondria targeted delivery vehicle
included a PCL-PEG polymer modified with a linker containing TPP between PCL and PEG
blocks (109). This polymer was used to encapsulate coenzyme Q10 (CoQ10) for its delivery
to the mitochondria for efficient anti-oxidative effects (Figure 9). Fluorescence imaging
demonstrated less efficient localization of the NPs inside the mitochondria. A major
disadvantage of this technology lies at the design strategy, the poor mitochondria targeting
might be due to the fact that TPP was incorporated in between PCL and PEG, thus the TPP
moieties have the chance to be buried inside the hydrophobic PCL core. Although, NMR
analysis of the NPs showed presence of aromatic peaks from TPP, however, some of the
charge can be buried in the hydrophobic core, which would limit the system’s potential to
cross the double barriers of mitochondria effectively.

At the similar time, we developed a TPP terminated PLGA-PEG based block copolymer
(79). By placing the mitochondria targeting TPP ligand on the PEG side of the polymer, we
were able to take advantage of the Ay, for effective mitochondria targeting (Figure 10). We
synthesized a TPP appended copolymer PLGA-b-PEG-TPP to take advantage of the TPP
cation to cross into the mitochondrial matrix space (79) (110) (Figure 10). Our technology
also included an engineer’s approach to the design in that we were able to create libraries of
NPs with a range of sizes and zeta potentials by forming blended NPs through mixing of
PLGA-b-PEG-TPP either with PLGA-b-PEG-OH or PLGA-COOH to fully understand the
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needs of mitochondrial targeting (Figure 10). We found that an optimum size of less than
100 nm and a positive zeta potential of greater than ~22 mV is needed for efficient
mitochondrial uptake. The versatile nature of this system demonstrated possible uses for a
variety of applications. The novelty of this system lies in its unique biological properties
from its mechanism of uptake to non-toxic and non-immunogenic properties. The mass
amount of lipophilic cations exposed on the NP surface allow for very unique endosomal
escape after uptake. Once escaped from the endosomes, these NPs have the potential to
efficiently maneuver through the cytoplasm to the mitochondria. Incorporation of quantum
dot (QD) in targeted and non-targeted NPs was used to investigate the cellular distribution
properties of these NPs in HelLa cells (Figure 10). Fluorescence imaging of targeted and
non-targeted NP treated cells indicated significantly higher uptake of targeted NPs in the
mitochondria of cells and the non-targeted NPs were distributed in the cytosol. The unique
hydrophilic and delocalized surface charge from the TPP cation allows repelling of aqua
water molecules. A combination of unique delocalized positive charge and steric
encumbrance from the phenyl groups allow the NPs to avoid protein adsorption, and hence
less aggregation and macrophage uptake was achieved. The inabilities to control
aggregation, protein adsorption are the common pitfall for many positively charged systems.
These properties make this system unique as a mitochondria targeted drug delivery vehicle.

The ability of these targeted NPs were explored to load a number of mitochondria-acting
therapeutics (111) for possible use in a variety of mitochondrial dysfunction related
disorders such as Alzheimer’s disease (AD) (112), obesity (113), and cancer chemotherapy
(114) (Figure 11). An inhibitor of amyloid #-protein (Af), curcumin was incorporated in
these NPs for AD (115, 116). By delivering curcumin to the mitochondria of IMR-32
neuroblastomas, the cytotoxicity induced by Af peptide was reduced to a minimum. It was
also used to encapsulate lonidamine, a mitochondrial hexokinase inhibitor and a-tocopherol
succinate, a mitochondrial respiratory chain complex I inhibitor (Figure 11). By directing
these mitochondria-acting chemotherapeutics directly to the mitochondria, a significant
reduction in 1C50 values was observed in HeLa human cervical cancer cells compared to the
free molecules or the non-targeted system (79). In order to show this system’s potential
contribution to obesity, a protonophore 2,4-dinitrophenol (2,4-DNP) was encapsulated
(Figure 11). 2,4-DNP has shown some success as an effective mitochondrial uncoupler (117,
118). However, the narrow therapeutic window of 2,4-DNP led to the abandonment of its
use as a treatment for human obesity. Studies to deliver 2,4-DNP directly to the
mitochondria by linking to TPP to improve the therapeutic window demonstrated that
covalent modification of 2,4-DNP compromises its coupling efficacy (119). We therefore,
incorporated our PLGA-b-PEG-TPP to entrap 2,4-DNP inside the hydrophobic polymeric
core polymer to direct this uncoupler to the mitochondria of cells in its pristine form. We
were able to successfully prevent the differentiation of 3T3-L1 preadipocytes to adipose
tissue at a much lower concentration than that of free 2,4-DNP.

This system was also in mitochondria targeted photodynamic therapy (PDT) (Figure 12).
PDT is an emerging field in cancer therapy that uses photosensitizer, light, and tissue
oxygen (120, 121). Upon irradiation, the excited photosensitizer reacts with molecular
oxygen to generate cytotoxic singlet oxygen to initiate mitochondrial apoptosis pathways.
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This photodynamic activity has the ability to boost the immune system. Zinc phthalocyanine
(ZnPc), a mitochondria acting photosensitizer was encapsulated inside PLGA-b-PEG-TPP
polymer (106). By targeting ZnPc to the mitochondria, singlet oxygen was locally produced
inside the mitochondria to effectively initiate apoptosis (106). Not only did it significantly
reduced the 1Cgq values in several cell lines, but it also was a much more potent immune
system boosting compared to free ZnPc or when ZnPc was delivered to the cytosol using a
non-targeted PLGA-b-PEG-OH NP system. By exposing breast cancer MCF-7 tumor
associated antigens (TAASs) produced from mitochondria-targeted ZnPc-PLGA-b-PEG-TPP-
NPs to dendritic cells (DC) ex vivo, we were able to stimulate DCs to produce significant
levels of interferon-gamma (IFN-), an important cytokine considered as a product of T and
NK cells. The remarkable ex vivo DC stimulation ability of the TAAs generated from
mitochondria-targeted PDT opened up the possibility of using mitochondria-targeted-NP
treated, light activated TAAs as possible vaccines.

The Outlook for the Future

Targeting the mitochondria of diseased cell provides a unique approach to selectively
destroy vulnerable tissues over healthy mass. Mitochondria acting therapeutics faces
tremendous challenges due to poor bioD, PK, and lack of appropriate structure for selective
uptake by the mitochondria leading to their relative toxic nature. The multidimensional
features of NPs to specifically target vulnerable cells and accumulate in particular organelle
can revolutionize the therapeutic regimes for disease pathologies where mitochondrial
dysfunction plays significant roles. NP formulations based on micelles, liposomes,
dendrimers, and carbon nanotubes with specific targeting ingredient demonstrated their
existence as delivery vehicles for shipment of cargos to the mitochondria. However, many
studies are required to understand the safety of these vehicles and significant efforts should
be put forward to study the actual mitochondrial location of these systems under in vitro and
in vivo settings.

Engineered NPs from FDA approved polymers with lipophilic TPP cation as targeting
moiety on the surface, successfully demonstrated the ability to deliver bioactive materials
and drugs to the mitochondria to evade various diseases. In vitro studies suggested that these
drug loaded NPs are non-toxic, non immunogenic, and behave as a platform for delivering
various payloads for numerous diseases. Engineered NPs loaded with photosensitizer were
demonstrated to generate specific antigens that stimulate dendritic cells ex vivo for cancer
immunotherapy. These biodegradable and biocompatible NP formulations can serve as
indispensable platforms to modulate drug delivery regime for better therapeutic options.
Additionally these platforms can potentiate the personalized immune therapy with existing
chemotherapy.

In summary, the mitochondria targeting approach potentiate therapeutic action and decrease
side effects of particular drug, which are indeed an ideal goal for the future medicine.
Despite the success of these nano-formulations for in vitro studies, systematic preclinical
and clinical studies are required for their potential use in clinical setting. There is a lack of
clear understanding about the potential safety aspects that may be unique to this type of
nanomedicine. Thus safety of nanomedicine, which can target the powerhouse of cells,
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should be addressed through appropriate safeguards. There should be significant effort to
understand whether nanomedicine is different from other new types of medical research.
Current awareness should be enhanced to thoroughly characterize and understand
physicochemical properties of nanomedicine that can be targeted to intracellular organelle
such as mitochondria. There is an enormous effort globally to contribute to the development
of targeted nanomedicine; however, unless full characterization and understanding about this
unique subject is achieved, it will be extremely difficult to use these technologies, which
have the potential to have immense impact on the future therapeutics.
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Figurel.
The structure of a mitochondrion. OMM: Outer mitochondrial membrane, IMS:

intermembrane space, IMM: inner mitochondrial membrane.
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Figure2.

Evolution of nanomedicine (top) and nanotechnology approaches to mitochondrial medicine
(bottom). DQA: dequalinium (1,1’-decamethylene bis (4-aminoquinaldiniumchloride), TPP
cation: triphenylphosphonium cation.
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Chemical structure of DQA and its self-assembly into liposome-like vesicles. Redrawn
based on Reference (80).
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Figure4.
PAMAM dendrimers for mitochondria targeted delivery. Redrawn based on Reference (86).
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Figure5.
PAMAM dendrimers for mitochondria targeted gene delivery. Redrawn based on Reference
86.
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Figure®6.
Multi-walled carbon nanotubes (MWCNTS) based mitochondria targeted drug delivery

vehicle. Redrawn based on Reference 89.
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Figure7.
Carbon nanotube based drug delivery to mitochondria. Redrawn based on Reference 90.
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Figure8.
Mitochondria targeted liposomal nanocarriers for drug delivery. A generalized figure to

indicate how the mitochondria targeted liposomes have the ability to escape endosomes to
enter the mitochondria.
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Figure9.
Mitochondria targeting polymer from PCL-PEG modified with a linker containing TPP

between PCL and PEG. Drawn based on Reference (109).
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Precise engineering of polymeric NPs to control NP size and surface charge for effective
mitochondria targeting properties (top) and mitochondrial localization targeted-NPs and

cytosolic distribution of non-targeted NPs (bottom). Redrawn using original data from

Reference 79.
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Figure 11.

Mitochondria targeted NP system based on PLGA-b-PEG-TPP for entrapment of various
mitochondria acting therapeutics. Redrawn based on Reference (79).
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Figure 12.
Mitochondria targeted NPs for PDT localized to mitochondria and mechanism of action for

light triggered immune activation. Redrawn based on Reference (106)
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Table 1
Mitochondrial Dysfunction Related Diseases
Condition References
Diabetes (11-13)
Cancer (11, 14-17)
Huntington’s disease, Parkinson’s disease (18)
Cardiovascular diseases (12, 19-23)
Aging (11, 24-27)
Bipolar disorder, Schizophrenia, Anxiety disorder  (28-30)
Fatigue syndrome (31, 32)
Alzheimer’s disease (AD) (33)
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Table 2

Mitochondria Targeting Ligands and Targeted Small Molecules for Mitochondrial Medicine

Targeting Ligand Small Molecule Therapeutic

Quaternary ammonium salt (Choline esters), GSH (MitoGSH) and N-acetyl cysteine (MitoNAC) (41, 42); MnSOD (43-46); Ceramides
pyridinium and alkyl rhodamine salts (47); 1,4-benzoquinone (SKQR1) (48)

Mitochondria penetrating peptides (MPPs) DOX (53, 54); Chlorambucil (55); Cisplatin (56); Mtx (51, 57)
(49-52)

Triphenylphosphonium cation CoQyp (58-60); Vit-E (61); Superoxide dismutase mimetic M40403 (62); Peroxidase (Ebselen)
(63); TEMPO (64, 65); a-phenyl-N-tert-butylnitrone (a-PBN)(66); (2-hydroxyaminovinyl)-
(HV)(67, 68); Oleic acid (OA)(69); dichloroacetic acid (DCA)(70); Chlorambucil (71);
Dinitrophenol (DNP)(72); H,S donor GY'Y4137 (73)
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