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Abstract

Mitochondrial dysfunctions are recognized as major factors for various diseases including cancer, 

cardiovascular diseases, diabetes, neurological disorders, and a group of diseases so called 

“mitochondrial dysfunction related diseases”. One of the major hurdles to gain therapeutic 

efficiency in diseases where the targets are located in the mitochondria is the accessibility of the 

targets in this compartmentalized organelle that imposes barriers towards internalization of ions 

and molecules. Over the time, different tools and techniques were developed to improve 

therapeutic index for mitochondria acting drugs. Nanotechnology has unfolded as one of the 

logical and encouraging tools for delivery of therapeutics in controlled and targeted manner 

simultaneously reducing side effects from drug overdose. Tailor-made nanomedicine based 

therapeutics can be an excellent tool in the toolbox for diseases associated with mitochondrial 

dysfunctions. In this review, we present an extensive coverage of possible therapeutic targets in 

different compartments of mitochondria for cancer, cardiovascular, and mitochondrial dysfunction 

related diseases.
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1. Introduction

Mitochondria are recognized as the most intriguing energy producing organelle of the 

eukaryotic cells, which produce adenosine triphosphate (ATP) via oxidative phosphorylation 

(OXPHOS) (1–3). The name mitochondrion was derived from two Greek words “mitos” for 

“thread” and “chondrion” for “granule” (2). The complex structural morphology of 

mitochondria was first visualized in 1952 by high resolution electron microscopy studies (4). 

In addition to participation in OXPHOS, these organelles store various ions and proteins to 

manage oxidative stress and cell mortality. Mitochondrial DNA (mtDNA) built of 16569 

base pairs encode for various proteins, RNAs, and the close proximity to the reactive oxygen 

species (ROS) make these genome highly susceptible to mutations in comparison to extent 

of mutations found in the nuclear DNA (nDNA). In addition to the complex structure, 

mitochondrial network also maintains high levels of dynamic processes to keep the balance 

between fusion and fission processes. Another layer of complexity is added on these 

organelles due to the presence of unusual phospholipid cardiolipin (CL), which contributes 

largely for the array of mitochondrial processes. Thus, this closed packed complex yet 

dynamic mitochondria maintain cellular mortality events by controlling vital cellular 

reactions, such as, energy production, redox balance, Ca2+ levels, initiation of apoptosis, and 

homeostasis of biomolecules in the cytosol. Even minor modifications of any of these 

parameters can disrupt cellular processes causing mitochondrial dysfunction and excessive 

mutation of mtDNA brings additional possibility of multiple mitochondrial diseases (5). A 

list of mitochondrial dysfunction related diseases are depicted in Figure 1. Thus, therapeutic 
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modulation by attacking different mitochondrial targets can provide better management of 

diseases where mitochondrial dysfunctions are involved (6). However, the complex structure 

of the mitochondria designed by the nature to maintain important cellular functions imposes 

quite a challenge to engineer technologies which can navigate to this organelle for accessing 

different targets.

A mitochondrion consists of four major compartments: the outer mitochondrial membrane 

(OMM), the intermembrane space (IMS), the inner mitochondrial membrane (IMM), and 

mitochondrial matrix (MM). The OMM contains 8–10% of the total proteins, mostly protein 

translocators, pore forming proteins, and fission and fusion proteins of mitochondria 

encoded by nucleus and synthesized at the cytosolic ribosomes. Based on the size, small low 

molecular weight compounds usually participate in diffusion to cross the OMM, high 

molecular weight large molecular entities use protein translocators and pores to cross this 

membrane which has much similarities with the cell membranes. IMM is densely packed 

with complex structure with unusually high protein to phospholipid ratio providing 

restrictive environment for entrance of chemical entities into the matrix. Furthermore, the 

negative mitochondrial membrane potential (Δψm) of ~−160 to −180 mV that prevails across 

the membranes imposes additional level of difficulty for foreign molecules to cross into the 

matrix (7). A schematic view of different compartments in the mitochondria is depicted in 

Figure 2.

We recently published a short review on mitochondria targeted technologies for cancer 

therapeutics (8). In this review, we highlight mitochondrial targets and strategies to use 

nanotechnology tools for therapeutic interventions of cancer, as well as cardiovascular 

disease (CVD) and mitochondrial dysfunction related diseases.

2. Mitochondrial Targets for Cancer

Mitochondria of cancer cells acquire altered characteristics, such as hampered OXPHOS and 

enhanced rates of glycolysis, hyperpolarized mitochondria, changes in the expression of 

permeability transition pore complex (PTPC) components (9–12). Skulachev and coworkers 

showed that certain organic cations can penetrate the mitochondrial membrane and these 

cations can be used to deliver therapeutics inside the mitochondrial matrix upon covalent 

conjugation (13, 14). Thereafter, several mitochondria targeted therapeutics were developed 

where triphenylphosphonium (TPP) cation was used as a mitochondria-targeting ligand (15–

17). These molecules have delocalized cationic charge over high hydrophobic surface area 

to penetrate the IMM of mitochondria. A few other low molecular weight molecules are 

known in the literature to target mitochondria, but upon in vivo administration small 

molecular entities often display poor pharmacokinetic (PK) and undesirable biodistribution 

(bioD). Additionally, low molecular weight small molecules often loose biological activity 

upon covalent modification with functionalities essential for insertion of mitochondria 

targeting moieties. Over the last few decades, nanotechnology made significant impact for 

generation of drug delivery systems to improve bioD and PK profiles of therapeutics (18–

23). However, these efforts are limited to the cellular level and there is substantial lack of 

progress for development of nanodelivery platforms for subcellular targeting, such as, 

mitochondria-targeted drug delivery systems. A summary of therapeutic delivery vehicles 
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known to date for mitochondrial association of therapeutics and the specific targets in the 

mitochondria is represented in Table 1. A number of non-polymeric delivery systems 

targeted to the mitochondria are graphically shown in Figure 3.

2.1. Targets for cancer in the OMM

The OMM imposes only weak barrier compared to IMM in navigation of foreign molecules 

to the mitochondria. The OMM contains voltage-dependent anion channels (VDAC) (50). 

These protein-based channels non-specifically transport ions, nucleotides, and other 

molecules to the IMS. The VDAC is known to mediate apoptosis by releasing cytochrome c 

(cyt c) and also provides a platform for interaction of pro- and anti-apoptotic members of B-

cell lymphoma 2 (BCl2) family as well as hexokinase I (HK-I) and HK-II that are 

overexpressed in various cancer types (51–56). These proteins participate in rapid growth of 

cancer cells and provide apoptosis suppressive properties. VDAC also contributes to 

enhanced cholesterol contents in cancer cells compared to normal cells. Thus, targeting 

VDAC in OMM can be important for treatment of cancer.

In cancer cells, both HK-I and HK-II are tightly bound to the VDAC at the OMM (57, 58). 

This HK-VDAC interaction deviates pyruvate towards lactate production and results in 

preventing cellular apoptosis. Thus, interfering HK binding to VDAC either by HK 

inhibitors or by using molecules that compete with VDAC for HK binding can result in 

novel therapeutics for cancer. Lonidamine (LND), 2-deoxyglucose, and 3-bromopyruvate 

(3-BP) are commonly used drugs for inhibition of HK (57, 59). Efficacious delivery of these 

molecules can boost the therapeutic potency by several folds using NP based scaffolds. 

Mitochondria-targeted gold nanoparticles (AuNPs) functionalized with 3-BP and lipophilic 

TPP cations with delocalized positive charge to specifically target the ΔΨm, were recently 

developed for delivery of 3-BP to the mitochondria (24). These targeted NPs carrying 3-BP 

demonstrated enhanced ability to modulate cancer cell metabolism by inhibiting glycolysis 

as well as demolishing OXPHOS process as compared to 3-BP formulated in a non-targeted 

NP or free 3-BP. Further, the anticancer activity of targeted AuNPs containing 3-BP was 

improved upon laser irradiation by exciting the surface plasmon resonance band of AuNPs 

and thereby utilizing a combinatory effect of chemo and photothermal therapies.

The translocator protein (TSPO) is a transmembrane protein primarily associated to the 

OMM (60). Higher expression of TSPO was found in aggressive and metastatic prostate and 

breast cancers (61, 62), and thus this protein can be considered as a target for cancer therapy. 

A G(4)-polyamidoamine (PAMAM) scaffold using 1-(2-chlorophenyl)isoquinoline-3-

carboxylic acid (ClPhIQ acid) as a TSPO inhibitor and lissamine (Liss) as an imaging agent 

was constructed (25). This construct was evaluated for its theranostic property in C6 rat 

glioma and MDA-MB-231 human breast cancer cells. The bright and localized cellular 

fluorescence was observed with ClPhIQ-PAMAM-Liss construct and it exclusively co-

localized with the Mitotracker green supporting association with the mitochondria. Thus, 

these PAMAM based synthetic dendrimers that internalized into the cell and target the 

mitochondria can be used for delivery of mitochondria-acting therapeutics.
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A liposome-based carrier system, MITO-Porter, was developed to deliver macromolecules 

such as green fluorescence protein (GFP) (63). This liposome based system delivered GFP 

to the mitochondria using a fusion pathway.

The BCl-2 family is comprised of both pro- and anti-apoptotic proteins located in the OMM 

that regulate apoptosis by ascertaining mitochondrial outer membrane permeabilization 

(MOMP). Many tumors express anti-apoptotic BCl-2 protein to circumvent apoptosis. 

Selective delivery of inhibitors and peptides that bind to the active site of BCl-2 would lead 

to a better therapeutic option to evade tumor growth (64, 65). The BCl-2 homology 3 (BH3) 

protein preferentially binds to BCl-2 through its homology domain and neutralizes its 

activity to induce apoptosis (66, 67). Small molecules mimicking the topology of BH3, 

referred as BH3 mimics, can bind and deactivate the function of pro-apoptotic BCl-2 and 

serve as promising drug candidates (68–70). BH3 mimetic small molecules, ABT-737, 

ABT-263, gossypol, AT-101, and alpha-tocopheryl succinate (α-TOS) along with other 

chemotherapeutics, show promising selectivity in targeting pro-apoptotic proteins and 

increased efficacy (71, 72). However, clinical outcomes show that these drugs have severe 

dose dependent adverse effects such as thrombocytopenia (73). Nanotechnology-based 

targeted delivery might find applications to reduce the toxicity and increase therapeutic 

efficacy of these molecules.

2.2. Targets for Cancer in the IMM and MM

The IMM is composed of convoluted invaginations termed as ‘cristae’ with high surface 

area. The presence of unusual phospholipid, CL and high protein to lipid ratio in the IMM 

allow topological alterations for reorganization of the membrane to deliver multiple 

functions under tightly regulated signaling cascade. IMM comprises of critical membrane 

proteins and enzymes, including those from electron transport chain (ETC), ions, and 

metabolite transporters such as the adenine nucleotide translocase (ANT), the mitochondrial 

calcium uniporter (MCU), and ATP synthase essential for the survival of cell. MM 

composed of a variety of soluble proteins, enzymes of Kreb’s and fatty acid cycles, 

biomolecules, ions, ribosomes, and mtDNA. ETC in the IMM generates a proton gradient 

across the IMM to drive ATP production by ATP synthase. Cancer cells are characterized 

with their different phenotypes in terms of the expression of various biomolecules and 

proteins. Modulating their phenotypic characteristics by means of inhibiting and/or 

activating certain pathways can lead to effective therapeutic regimens for cancer treatment.

The PTPC forms as a super channel that comprises VDAC/ANT complex. This super 

channel allows transport of variety of small molecules including ATP and adenosine 

diphosphate (ADP). Compounds that modulate the VDAC/ANT complex channel can serve 

as potent candidate. One such candidate is LND that has ability to initiate apoptosis in 

cancer cells. In the recent past, delivery of therapeutic genes for the expression of various 

pro-apoptotic proteins, mtDNA damaging agents, antioxidants, small molecules, and anti-

apoptotic protein inhibitors was achieved for the effective mitochondrial targeted treatment 

strategies in cancer.

Despite the vast understanding of mtDNA-derived defects, both at the genetic and 

biochemical proportions, there is no effective treatment modality in hand due to the lack of 
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approaches that can provide effective mitochondrial gene delivery. Torchilin and coworkers 

designed a mitochondria-specific transfection vector based on delocalized lipophilic cation 

1,1′-decamethylene bis(4-aminoquinaldiniumchloride) or dequalinium (DQA) that shows 

mitochondria association properties (74). Its amphiphilic nature promotes liposome-like 

structures popularly known as DQAsomes with positively charged surface. DQAsomes 

expeditiously bind and shield DNA and their liposomal structures can encapsulate small 

molecules. Binding of DNA to these liposomes was confirmed by competitive binding of 

SYBR™ dye. Complete loss of DNA-dye complex fluorescence was observed upon 

increasing the molar equivalents of DQAsomes in a DNA-dye mixture precludes the 

SYBR™ dye from binding to the DNA (74). These liposomes deliver DNA in the form of 

‘DQAplexes’ and are able to transfect cells in vitro with efficiency comparable to 

lipofectamine (37). Upon interaction of these ‘DQAplexes’ with intact mitochondria results 

in the release of DNA cargo from the DQAsomes (38). The utility of DQAsomes for 

entrapment of small molecules was extended as one of the first mitochondria drug delivery 

vehicles to deliver drugs in their pristine form (75, 76). Paclitaxel loaded DQAsomes were 

demonstrated to retard the growth of human colon cancer in nude mice (75, 77, 78). Lu and 

coworkers have synthesized DQA appended polyethylene glycol-

distearoylphosphatidylethanolamine (DQA-PEG2000-DSPE) conjugate to prepare 

liposomes for delivery of resveratrol in the mitochondria (36). The DQA appended 

liposomes significantly increased the uptake and mitochondrial association properties. These 

liposomes induced apoptosis both in non-resistant and resistant cancer cells and 

demonstrated subsequent release of cyt c. Significant antitumor activity of these liposomes 

were demonstrated both in tumor spheroids model as well as in xenograft model of cisplatin 

resistant A549/CDDP cells in nude mice. Augmented anticancer efficacy was shown when 

mitochondria targeting resveratrol liposomes were co-administered with chemotherapeutic 

‘vinorelbine’ loaded liposomes (36). This approach was further extended to efficacious co-

delivery of LND and epirubicin using similar mitochondrial targeted DQA appended 

liposomes (26). Chemotherapeutic agent daunorubicin and an inducer of apoptosis 

amlodipine were incorporated in the DQA functionalized liposomes for their delivery in the 

mitochondria. These liposomes selectively induced mitochondria mediated apoptosis and 

exhibited significant tumor growth reduction in vivo (45, 46). DQA was also used with 

TPGS1000, known as vitamin E polyethylene glycol succinate, to construct mitochondria 

targeting liposomes for the delivery of chemotherapeutic drug, topotecan hydrochloride a 

topoisomerase I inhibitor. These mitochondria targeted topotecan entrapped liposomes 

demonstrated higher efficacy for treatment of chemo-resistant cancer and showed inhibition 

of metastases in vivo (49).

Another class of hyper-branched synthetic molecules, dendrimers, which can be modified to 

install multiple drugs and targeting moieties, were demonstrated to be effective as 

nanocarrier systems for delivery of various pharmaceutical agents to the mitochondria 

Torchilin and coworkers described development of a mitochondria-targeted G(5)-D-Ac-TPP 

scaffold where mitochondria targeting was achieved using covalent conjugation of TPP with 

the surface functionalities of the dendrimer and remaining free NH2 were acetylated for 

nonspecific binding. Cellular and subcellular compartmentalization studies with FITC 

coupled G(5)-D-FITC-Ac-TPP showed effective mitochondrial localization and this 
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formulation was found to be non-toxic to cells (30). Thus, G(5)-D-Ac-TPP scaffold can be 

used as a nontoxic mitochondria-targeted nanocarrier for delivery of therapeutics either by 

loading in the dendrimer core through electrostatic interaction or by covalent conjugation on 

the surface. Subsequently, Cheng and coworkers utilized the G5-TPP dendrimer scaffold to 

deliver nucleic acids to mammalian cell mitochondria (79). These TPP conjugated PAMAM 

polymeric gene vectors demonstrated targeting aspects towards mitochondria resulting in 

better transfection efficacy in HeLa and COS-7 cells. Transfection efficiency of these 

scaffolds was shown to be greater than the commercially available transfection reagent 

SuperFect and comparable with Lipofectamine 2000. The increase in the transfection ability 

of G5-TPP dendrimers to the mitochondria was correlated to DNA binding/unpacking 

ability, efficient endosomal escape, and better serum resistance (79). Further investigation 

and systematic studies are needed to explore the utility of these scaffolds for co-delivery of 

therapeutic genes along with anticancer drugs.

Similar approach was extended by Tsiourvas and coworkers to deliver doxorubicin (DOX) 

using lipophilic decyl-TPP functionalized poly(ethylene imine) hyperbranched polymer 

(PEI-TPP) to the cancer cell mitochondria (39). The resulting nanoassembly, PEI-DOX-

TPP, with ~100 nm mean diameter was shown to be effective at sub-micromolar 

concentration to deliver DOX to the mitochondria.

Suitably functionalized liposomes with cellular and subcellular-targeting moieties can 

provide an alternative therapeutic avenue for site directed drug delivery. A number of 

liposome-based mitochondria targeted delivery vehicles are summarized in Figure 4. 

Weissig and coworkers demonstrated the utility of liposomes in mitochondria targeting via 

appropriate surface modification with mitochondriotropic residues (80). Mitochondriotropic 

liposomes were prepared with stearyl TPP (STPP) bromide as the targeting ligand. 

Intracellular localization of these liposomes was demonstrated by using 0.5 mol% 

phospholipid conjugated rhodamine-PE dye along with other phospholipids and STPP as the 

targeting ligand. These liposomes were found to demonstrate mitochondrial association 

properties in BT-20 human breast cancer cells. Weissig and coworkers also used STPP 

liposomes to deliver ceramides to the mitochondria to induce apoptosis with improved 

metabolic toxicity as compared to the non-targeted delivery systems (43). These 

mitochondria-targeted ceramide delivery systems were further evaluated to exhibit antitumor 

activity in vivo. Biodistribution of STPP liposome was found to be similar to that of non-

targeted analogues. In another example, water insoluble anticancer drug, sclareol, was 

delivered using STPP based mitochondria targeted liposomes to improved therapeutic index 

(44). A dual targeting approach was adopted by Murthy and coworkers to deliver DOX in 

cancerous cells followed by association with the mitochondria using STPP and folic acid 

(FA) functionalized liposomes (40). These DOX containing FA-STPP based liposomes 

exhibited greater cytotoxicity compared to non-targeted and simple targeted liposomal 

formulations depicting synergistic effects of FA and STPP.

D-α-tocopheryl polyethylene glycol 1000 succinate-TPP (TPGS1000-TPP) cation was used 

as a mitochondria targeting ligand that was incorporated in the liposomal membrane to 

deliver paclitaxel (PTX) (29). This selective mitochondrial delivery of PTX induced 

apoptosis in resistant cancer cells (29). Similar strategy was employed to incorporate 
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rhodamine-123 (Rh123) as a mitochondria targeted ligand on the liposomes for efficacious 

delivery of PTX. These Rh123 functionalized liposomes were shown to have higher cellular 

uptake with increased accumulation in the mitochondria as evaluated by fluorescence 

microscopy and FACS analysis. These Rh123 functionalized liposomes showed an increase 

in the potency of PTX as compared to its free drug (28). In another report, polyethylene 

glycol-phosphatidylethanolamine (PEG-PE) based liposomes were used to deliver PTX (81). 

These TPP appended liposomes were shown to have less toxicity compared to the earlier 

reported STPP based liposomes. Significant increase in the cytotoxicity and anti-tumor 

efficacy of PTX-loaded TPP-PEG-liposomes were observed compared to unmodified PTX-

loaded liposomes both in vitro and in vivo. However, systematic in vitro and further in vivo 

studies are needed to prove the exact behavior and potential of these liposomes as 

therapeutics. A multistage pH responsive break down property based zwitterionic 

oligopeptide appended liposome was prepared to remove surface barriers for exposing the 

cationic species on the surface to direct therapeutics to the mitochondria (47). HHG2C18 

consists of two amino acid groups from glutamic acid and histidine, hydrophilic block of 

pH-cleavable group hexahydrobenzoic amide, and hydrophobic block of two stearyl chains, 

to mimic natural phospholipids. The surface charge of HHG2C18-L is negative under 

physiological conditions (pH 7.4), whereas, at the tumor site surface charge gets reverses to 

positive in presence of slightly acidic milieu to increase tumor cellular uptake. Owing to the 

presence of imidazole of histidine, these nano-constructs facilitate proton sponge effects to 

escape endosome and lysosomes for subsequent localization in the mitochondria. A specific 

inhibitor CCI-779, of mammalian target of rapamycin (mTOR), a serine/ threonine protein 

kinase that mediates cell growth and cell proliferation was incorporated in these nano 

constructs to block mitochondrial mTOR. Significant potency enhancement of mitochondria 

targeted CCI-779/HHG2C18-L constructs was observed both in vitro and in vivo. However, 

the complex nature of these nano-constructs with less versatility, limits their use as potent 

drug delivery agents.

Recently a liposomal construct possessing extracellular pH responsive and mitochondrial 

targeting properties was used for efficacious delivery of PTX (31). The peptide 

D[KLAKLAK]2 (KLA) amines were shielded by 2, 3-dimethylmaleic anhydride (DMA) 

and further combined with DSPE to yield DSPE-KLA-DMA (DKD). The DKD bearing 

liposomes were able to reverse their surface charge in the acidic tumor extracellular pH 

(~6.8) from negative to positive to preferentially accumulate in the mitochondria. These 

liposomes demonstrated enhanced efficacy in treating A549 cells and A549/Taxol resistant 

cells in vitro as well as in vivo.

Polymeric NPs derived from biocompatible and biodegradable components are explicatively 

used as alternative delivery agents to the liposomes (23, 82). Owing to their amenable 

variations in hydrophobic and hydrophilic blocks composition, these polymers can be used 

to encapsulate both hydrophilic and hydrophobic therapeutics via emulsion or 

nanoprecipitation methods, respectively (83). A sustained and controlled drug release profile 

with overall higher stability and non-immunogenic properties of polymeric NPs as compared 

to the conventional liposomes have the ability to increase the potency of the delivered 

therapeutics (84, 85). A class of biodegradable polyesters, such as, poly(glyocolic acid) 
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(PGA), poly(lactic acid) (PLA), and their copolymer poly(lactic-co-glycolic acid) (PLGA), 

and polycaprolactone (PCL) are used frequently to build hydrophobic corona of NPs 

whereas the FDA approved PEG is used to make hydrophilic shell on the NP core (86). The 

hydrophobic corona provides stability, PEG allows for longer retention time and immune 

system escape within the body. Further, the PEG blocks can be attached with the targeting 

moieties to enhance uptake. These desirable qualities along with the broad scope for 

chemical modification of polymers make polymeric NPs versatile delivery systems for 

mitochondrial delivery.

A recent example demonstrated use of mitochondria-targeted polymer based nano-delivery 

system to deliver coenzyme Q10 (CoQ10) to combat oxidative stress (48). These NPs were 

constructed from a miktoarm polymer of formula ABC where A = PEG; B = TPP, and C = 

PCL (Figure 5). The resultant micelles had high drug loading with small critical micellar 

concentration. Inefficient localization of the NPs inside the mitochondria were observed in 

confocal microscopy studies due to the disadvantage lies in its structural design with TPP 

moieties near the hydrophobic PCL (48).

Our group has developed a TPP terminated PLGA-b-PEG based block copolymer to target 

mitochondria (Figure 6). Upon self-assembly, amphiphilic block copolymer composed of 

PLGA forms a core and PEG as a corona with mitochondria targeting TPP on the surface 

(21, 27, 42, 87). The TPP moieties on the surface of the NPs provide cumulative positive 

charge delocalized over a large hydrophobic phenyl rings making these NPs ideal system for 

penetration in the lipid membranes. Further these NPs take the advantage of Δψm that exists 

across the IMM to get associated with the mitochondria. These PLGA-based NPs were fine-

tuned for their size and surface charge to provide better mitochondrial association using an 

engineered polymer blending technology (27). We found that an optimum size of <100 nm 

and a positive zeta potential of >22 mV is needed for efficient mitochondrial affinity. Owing 

to the unique biological properties, such as, non-toxicity and non-immunogenicity along 

with the facile cellular and subcellular uptake, and controlled release of the payload allow 

the use of these scaffolds as novel drug delivery vehicles (Figure 6). The presence of unique 

topology with lipophilic cations on the NP surface allow for endosomal escape. Cellular and 

subcellular distribution was assessed through the quantitative measurement of the Cd from 

the CdSe quantum dot (QD) loaded targeted and non-targeted NPs. Fluorescence 

microscopy imaging of targeted and non-targeted NP treated cells indicated significantly 

higher association of targeted NPs with the mitochondria of cells whereas the non-targeted 

NPs were mainly found scattered in the cytosol. The versatility of these NPs was further 

demonstrated through delivering a variety of mitochondria-acting therapeutics, such as, 

curcumin, mitochondrial decoupler 2,4-dinitrophenol (2,4-DNP) as an anti-obesity drug, 

LND, and α-TOS. A significant increase in the potency was observed by directing these 

therapeutics to the mitochondria.

After successful demonstration of mitochondria directed delivery of the above mentioned 

therapeutics, recently we used these biocompatible polymeric NPs to deliver a cisplatin 

prodrug to the mitochondria to access mtDNA which lack NER machinery (42). Directing 

DNA damaging agents such as cisplatin to the mitochondria can potentially address the 

problems associated with conventional platinum-based compounds (88, 89). For this 
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purpose, a hydrophobic mitochondria-targeted cisplatin prodrug, Platin-M, was synthesized 

using a strain promoted azide-alkyne cycloaddition reaction (90). Platin-M was loaded in 

PLGA-b-PEG-NPs for controlled release of cisplatin in the MM. Cisplatin released from 

Platin-M in the mitochondria can attack mtDNA to form Pt-DNA adducts and induce cell 

death. Significantly higher activity of Platin-M and its targeted-NPs in cisplatin-resistant 

cells was observed. Thus, a precise strategy for mitochondria targeting of cisplatin for 

chemoresistance cancers using a unique dual-targeting approach is an alternative route for 

cisplatin-based therapy (42). Recently, this technology was studied in a large animal model 

by demonstrating the safety and toxicity of mitochondria-targeted NPs loaded with Platin-M 

(91). This study also highlights the ability to manufacture the mitochondria targeted NPs in 

large scale.

These biocompatible polymeric NPs were also used in mitochondria targeted photodynamic 

therapy (PDT). PDT has emerged as an anticancer tool that involves the use of a 

photosensitizer (PS) that is excited with the aid of light for production of singlet oxygen that 

damages cellular components and promote apoptosis. Zinc phthalocyanine (ZnPc) was 

entrapped inside the NPs of PLGA-b-PEG-TPP polymer to act on mitochondria upon 

irradiation (87, 92, 93). Efficacious delivery of ZnPc to the mitochondria produced singlet 

oxygen upon radiation locally inside the mitochondria to induce apoptosis and increased the 

potency. Tumor associated antigens (TAAs) generated from the treatment of breast cancer 

MCF-7 cells with targeted NPs loaded with ZnPc upon light irradiation activated dendritic 

cells (DCs) to generate high levels of interferon-gamma, a crucial cytokine considered as a 

product of T and natural killer cells (Figure 7). This noteworthy ex vivo DC stimulation 

ability of the TAAs generated from mitochondria-targeted PDT opens up the possibility of 

using mitochondria targeted light activated PS as possible vaccine for cancer.

Very recently, this mitochondria targeted polymer was used to deliver a combination of 

cisplatin and aspirin in the mitochondria of prostate cancer cells (94) (Figure 8). We 

developed a Janus polymer containing a precisely controlled ratio of cisplatin prodrug and 

aspirin. The NPs obtained by blending this polymer with PLGA-b-PEG-OH demonstrated 

low cellular uptake profile. However, the blended NPs resulting from mitochondria-targeted 

PLGA-b-PEG-TPP and Janus polymer showed enhanced cellular uptake. We also 

demonstrated the use of this polymer in delivering anti-inflammatory agents such as aspirin 

for diseases where inflammation mediated processes are involved. Our recent work showed 

the use of this polymer to reduce inflammation in vivo using an aspirin analogue as an anti-

inflammatory drug (95).

3. Mitochondrial Targets for Cardiovascular Diseases (CVD)

Heart diseases which include atherosclerosis, coronary heart disease (CHD), stroke, 

myocardial ischemia and reperfusion (IR) injury, myocardialinfarction, cardiomyopathy 

(CM), and chronic heart failure (HF), are the leading cause of mortality and morbidity 

worldwide (96). Most of these diseases are associated with cardiac cell death by apoptosis or 

necrosis, where mitochondria play an essential role (97–99). Necrosis is mainly triggered by 

opening of the mitochondrial permeability transition pore (mPTP) which results in swelling 

of the mitochondria and OMM rupture (100). ROS such as superoxide anions and hydroxyl 
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radicals cause oxidation of proteins, membrane phospholipids and mtDNA, release of cyt c 

and apoptotic inducing factor (AIF), ultimately leading to apoptosis (101).

Atherosclerosis mainly contributes to CVD-related mortality and acute coronary syndrome 

(102–106). Many studies suggested that mitochondrial K+ channels have an important role 

in cardioprotection. The mechanism of cardioprotection, though unclear, may involve mild 

uncoupling of the mitochondrial membrane potential causing Ca2+ overload and ROS 

generation. Mild swelling resulting from influx of K+ into the mitochondria may also 

regulate the PT pore (107). Mitochondrial potassium sensitive ATP channel (mKATP) also 

plays critical role in cardioprotection. Complex II is related to mKATP in such a way that 

complex II inhibitors open mKATP, and mKATP openers inhibit complex II (108). A 

possible mechanism of cardioprotection could be the washout of the inhibitor that inhibits 

ROS generation and Ca2+ overload allowing a gradual reintroduction of the electron flux.

Cardiomyopathy is characterized by decreased cardiac function (107, 109–111). CM is the 

precursor to heart failure and acute CM is mainly caused due to myocardial ischemia. 

Cardiac remodeling and hypertrophy are often caused by permanent occlusion. The 

reperfusion phase of IR injury particularly injures mitochondria the most. Mitochondrial 

derangements that occur during the post-IR phase in the heart includes symptoms such as: 

(i) inhibition of respiratory complexes (112) and ANT (113), (ii) higher proton leak of the 

inner membrane (114), (iii) oxidation of CL and other associated membrane protein 

dysfunctions (115), (iv) excessive ROS generation (116), (v) opening of mPTP and 

consequent release of proteins such as cyt c (117), (vi) nucleotide depletion (118), and (vii) 

mitochondrial Ca2+ overload (Figure 9). Inefficient metabolic processes such as these lower 

the ATP and phosphocreatine levels and decreases the metabolic reserve and flexibility.

Here, we highlight the potential targets in the mitochondria for therapeutic interventions of 

CVDs (Figure 10).

3.1. Targets for CVD in the OMM

OMM separates the IMS from the cytosol. It is relatively permeable to solutes with mass up 

to 500 Da due to the VDAC protein porin (119). OMM regulates the metabolites, ions, and 

information exchange between mitochondria and cytosol, in which VDAC plays a critical 

role. Kay et. al. reported that the functional state of OMM is a sensitive indicator for 

ischemic damage of mitochondria (120). VDAC controls uptake of Ca2+ from cytosol to the 

mitochondria and the release of ROS from the mitochondria to the cytosol (121). The Ca2+ 

homeostasis is indispensable for cardiac function. The loss of Ca2+ homeostasis causes 

contractile dysfunction and arrhythmias in failing myocardium, leading to HF (122–124). 

ROS (e.g. superoxide) are closely related to pathological conditions, such as inflammation, 

IR injury, and drug metabolism (125–127). VDAC is a rational target in attenuating HR and 

IR by inhibiting cardiomyocyte apoptosis. Salnikov. et al. reported activity of gold 

nanoparticles (AuNPs) upon the OMM of ventricular cells and isolated cardiac mitochondria 

of rats (128). They demonstrated that 3 nm but not 6 nm particles could penetrate the OMM 

and accumulate in IMS via VDAC. The inhibitors of VDAC such as König polyanion and 

4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid can prevent this permeabilization activity. 

VDAC closes during the apoptosis cascade and inhibits the release of ATP or uptake of 
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ADP and respiratory substrates from the cytosol to mitochondrion (119). The VDAC 

inhibitors, such as BH4 derivative peptides (129, 130), ruthenium red (RuR) (131), 

ruthenium amine binuclear complex (Ru360) (132), fluoxetine (133), and modulators of Ca2+ 

regulation can be potential therapeutic agents for heart-related disease caused by accelerated 

cardiac cell apoptosis.

3.2. Targets for CVD in the IMS

Redox control in the IMS contributes to various pathways in the mitochondria, including 

apoptotic signaling, assembly of respiratory chain components, antioxidant activation (134). 

Loss of redox control by ROS may lead to initial apoptotic cascades and dysfunction of 

respiratory and energetic systems. Cardiomyopathy and HF may be caused by the ROS in 

this compartment in cardiac cells. Mitochondrial cholesterol transporter, steroidogenic acute 

regulatory protein (StAR) binds to cholesterol mainly at the OMM and shuttling cholesterol 

from OMM to IMM for steroid biosynthesis (135, 136). This transportation process is the 

rate limiting step for steroidogenesis and its disruption may lead to atherosclerosis (137, 

138). Therefore, the ROS in IMS and StAR may be used as targets for cardiomyopathy and 

atherosclerosis. Several NP-based delivery systems show promising approaches to 

cardiomyopathy, ischemic stroke, and HF (139–141). Cerium and yttrium oxide NPs are 

known to show direct antioxidants properties to protect cells from a variety of oxidative 

stress (142). For example, Niu et. al. reported efficiency of CeO2 NPs in inhibition of 

progressive cardiac dysfunction and remodeling using an ischemic cardiomyopathy murine 

model, in which CeO2 NPs acted as effective free radical scavengers to block oxidative 

stress (143). In their studies, CeO2 NPs were intravenously injected via tail vein into 5-week 

old monocyte chemoattractant protein (MCP)-1 mice. The CeO2 NP treatment showed 

inhibition of progressive left ventricular dilatation and dysfunction. Quantitative analysis of 

anti-3-nitrotyrosine antibody indicated that CeO2 treatment interrupted peroxynitrite, a 

marker of oxidative stress, formation in the myocardium of MCP-1 mice. The CeO2 NPs 

also demonstrated attenuated levels of NOx in terms of total nitrated protein in the serum, 

indicating reduced myocardial oxidative stress. They proposed that CeO2 NPs inhibited the 

expression of endoplasmic reticulum stress-associated genes at mRNA and protein levels, 

attenuating apoptosis in the myocardium.

3.3. Targets for CVD in the IMM

Mitochondrial electron transport is a major subcellular source of ROS in the failing 

myocardium because of the extreme abundance of mitochondria in cardiac myocytes (101). 

The regulation of CL plays significant roles in optimal activity of mitochondrial enzymes, 

cholesterol translocation by activating the mitochondrial cholesterol side chain cleavage, 

energy metabolism, and apoptosis (144). The alteration of CL is associated with CVD. It 

was reported that the loss of CL in the heart is correlated to the development of HF (145). 

Oxidation of CL results in decrease of OXPHOS and HF on reperfusion, which could be 

hampered or attenuated by melatonin (146). The preservation of CL contents demonstrated 

to have less alteration of mitochondrial complex I and III, reduced oxidative damage, and 

enhanced function of heart. CL is susceptable to peroxidative attack due to the presence of 

unsaturated double bonds and the proximity to ETC proteins. The ROS induced peroxidation 

of CL results in dissociation of cyt c from IMM, causing apoptosis (147) which is associated 
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with heart ischemia (148). The oxidized CL (oxCL) produces natural occurring antibodies, 

which allows to act in the first line defense to invade pathogens during CVD (149). Thus, 

CL can be a possible target for the application of nanotechnology tools to combat CVD.

The ATP generation is essential for maintaining cardiac function. Mitochondrial respiratory 

and ATP synthase activity are implemented in the decrease of cardiomyocytes in human and 

dog with chronic HF (122, 150). HF can be regulated by F1F0-ATPase in the IMM. The 

F1F0-ATPase normally promotes ATP synthesis, but it hydrolyzes ATP under ischemic 

conditions. Excessive ATP hydrolysis decreases the cardiac energy reserve leading to HF 

(151). Grover et al. reported selective F1F0-ATPase inhibitor BMS-199264 with significant 

cardio-protective profile by reducing ATP hydrolysis (152). Thus, the F1F0-ATPase can be a 

target for nanotechnology-based tools against HF and IR.

The mPTP inhibitors, such as cyclosporin-A (CsA) (153, 154), cyclophilin-D (155), 

cinnamic anilides (156), and antioxidants are known to prevent the mPTP opening. Yin et al. 

reported a NP system containing CsA which when used in combination with adipose-

derived stem cell (ASCs) in a swine model of myocardial infarction showed therapeutic 

benefits (157).

CoQ10 has attracted great interest in the clinical studies for myocardial function and heart 

failure (158, 159). CoQ10 effectively counteracts oxidative damage in IMM and improves 

mitochondrial efficiency, making myocardium more tolerated to hypoxia/reoxygenation 

stress (160, 161). PLGA-CoQ10 NPs of <100 nm were successfully prepared by an 

emulsion-diffusion-evaporation method, which demonstrated enhanced oral bioavailability 

and anti-inflammatory activity compared to free CoQ10 (Figure 11) (162). Recently, 

Yamada et al. reported CoQ10 delivery using MITO-Porter, a liposomal delivery system, to 

target mitochondria for preventing IR injury (163). The CoQ10-MITO-Porter was 

intravenously injected in the hepatic IR injury mice model. The MITO-Porter was in vivo 

confirmed to accumulate in the mitochondria of the liver. The fusogenic properties of 

MITO-Porter make it possible for CoQ10 to target IMM. The delivery of CoQ10 to liver 

mitochondria inhibits the IR injury by preventing the ROS levels. Therefore, delivery of 

CoQ10 to the mitochondrial using NP-based platforms can be promising therapeutic method 

for CVD.

The lipophilic benzoquinone based electron carrier, idebenone (IDB), is a synthetic analogue 

of CoQ10. IDB acts as a free radical scavenging molecule and can thus function as an 

antioxidant (164). It is insoluble in water and shows limited bioavailability after oral 

administration. To obtain enhanced solubility and increased bioavailability of IDB, NPs 

were constructed using various stabilizers including hydrophilic polymers, amphiphilic 

polymers, and surfactants such as iabrasol, Brij 35, Pluronic F-68, Tween 80, sodium lauryl 

sulphate and hydroxypropyl methylcellulose (165). Doxorubicin induced cardiotoxicity 

characterized by decreased body weight and heart weight was supplemented by these NPs 

(50 mg/kg) resulting improved body and heart weight.
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3.4. Targets for CVD in the MM

MitoQ is one of the antioxidants that works in the MM with its ability to accumulate in the 

mitochondrial matrix. It was designed to mimic the endogenous antioxidant CoQ10 and has 

been intensively studied as a mitochondria-targeted antioxidant to decrease ROS and 

oxidative damage (Figure 12) (17, 166–172). Bennett and co-workers reported antioxidative 

property of MitoQ in atherosclerosis and metabolic syndrome models (173). In their studies, 

MitoQ was orally administered for 14 weeks in fat-fed apolipoprotein knock out (ApoE−/−) 

and ataxia telangiectasia mutated (ATM)+/−/ApoE−/− mice models. MitoQ treated ATM+/+/

ApoE−/− and ATM+/−/ApoE−/− mice showed reduced serum levels of total cholesterol, 

triglyceride, and low-density lipoprotein (LDL). Additionally, MitoQ treated animals 

demonstrated decreased plaque numbers and proliferation, and reduced mtDNA damage in 

the liver. The metabolic changes in mice with MitoQ may be attributed to the less oxidative 

damage via redox signaling pathways.

Recently, Yu et. al. reported that the mtDNA damage promotes atherosclerosis and plaque 

vulnerability (174). The mtDNA defects led to decreased expressions of respiratory 

complexes and reduced mitochondrial respiration in vascular smooth muscle cells, 

monocyte/macrophages, and other organs. Apoptosis and inhibition of cell proliferation 

along with the storage of adipose tissue promoted atherosclerosis. Furthermore, mutation of 

mitochondrial tRNA and/or mtDNA are associated with CHD and cardiomyopathy (175–

177). Cardiac aging in mice is correlated to mtDNA mutations and deletions (178). Hence, 

gene therapy using NP platforms for mtDNA and/or mtRNA (179) might be effective 

methods to inhibit CVD.

Park et al. developed a H2O2-responsive anti-oxidant polymer, polyoxalate containing 

vanillyl alcohol (PVAX), with abilities to rapidly scavenge H2O2 and release vanillyl 

alcohol with anti-oxidant, anti-inflammatory, and antiapoptotic properties (141). They 

demonstrated that these nanoparticles exerted anti-oxidant and anti-inflammatory activities. 

Using DOX-induced cardiac and hepatotoxicity models, this work demonstrated that 

administration of PVAX NPs significantly inhibited ROS production and pro-inflammatory 

signals in the liver and heart of DOX-treated mice.

High density lipoprotein (HDL) based delivery vehicles are used for drugs and imaging 

agents (180). However, reconstituted HDL-based delivery systems often face the 

compatibility issues. Recently, our lab developed a mitochondria targeted completely 

synthetic HDL mimicking NP for atherosclerosis (181). This HDL mimic consists a core of 

biodegradable PLGA and cholesteryl oleate, a phospholipid coating layer ornamented with 

TPP cations for mitochondria targeting, and this lipid layer was further decorated with 

apolipoprotein A-I (apoA-I) mimetic L-4F peptide (Figure 13). Targeted NP-treated cells 

indicated the presence of the NPs mainly in the MM and the IMS; small amounts of NPs 

were found in the IMM or the OMM. In vivo studies in Sprague-Dawley rat indicated that 

the targeted HDL synthetic NPs were majorly distributed in the heart within 24 h. The low 

dose of NPs (10 mg/kg) showed reduced lipid profile levels of cholesterol and triglyceride. 

This platform is promising for the plaque imaging and therapy of CVD.
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4. Targets for Mitochondrial Dysfunction Related Diseases

Absence of effective DNA repair machinery in the mitochondria enhances the impacts of 

radical-induced mtDNA damage. At birth, all mtDNA copies in an individual are identical 

and this is genetically termed as homoplasmy. Ramification of mitochondria with a mixture 

of mutant and wild type mtDNA known by the genetic term “heteroplasmy” result in several 

diseases (182, 183). When the weightage of the mutant mtDNA exceeds a critical threshold 

level, cells show the abnormalities in the mitochondrial respiratory chain and this event is 

know as the threshold effect (184). Events associated with initial electron leak further 

increase the extent of electron leakage resulting in a vicious cycle. The leaked electrons and 

the radicals formed alter the integrity of the mitochondrial membrane. These events together 

cause further dysfunctions resulting in disruption of cellular energy production and aged 

cells. Thus, any abnormality in the mitochondria can hamper tissue-specific activities 

performed by this important organelle and result in mitochondrial dysfunction related 

disorders. A number of mitochondrial dysfunction related diseases are discussed below.

4.1. Autism Spectrum Disorders

Autism spectrum disorders (ASD) comprise of a set of neurodevelopmental ataxia that is 

recognized by behavioral changes including difficulties in communication and social 

intercommunication and repetitive behaviors. Nearly two decades ago, Coleman and Blass 

suggested that patients with ASD may exhibit abnormal carbohydrate metabolism (185). 

ASD was also related to the abnormality in the brain bioenergetics with impaired 

mitochondrial functions (186). A more recent controlled study suggested that mitochondrial 

dysfunctions may be present in up to 80% of children with ASD (187). Studies also 

suggested that mitochondrial dysfunctions and oxidative stress are closely associated. For 

example, a decrease in the mitochondrial function along with a simultaneous increase in 

biomarkers of oxidative DNA damage and decreased superoxide dismutase 2 (SOD2) 

activity were found in temporal lobe brain samples (BA 21) (188). In another study, markers 

associated with oxidative stress in brain tissue were observed alongside reduced ETC 

complex activities in the autistic children (189). A higher level of oxidative damage to 

mitochondrial proteins is also observed in the autistic patients. The oxidative stress markers 

are also related with the functioning of TCA enzyme, aconitase, and GSH/GSSG in the 

cerebellum and the temporal lobe (190).

4.2. Mitochondrial Dystrophy

Muscular dystrophies (MD) comprise of a heterogeneous group of genetic diseases 

identified by gradual degeneration and weakness of skeletal muscle. Among the several 

types of MD that exist, Duchenne muscular dystrophy (DMD) and Becker Muscular 

Dystrophy (BMD) are the two most commonly found ones (191). Both of these are caused 

by the mutations to the dystrophin gene that is located on the p arm of the X chromosome 

(192). Dystrophin protein is responsible for contraction of the myofibrils and membrane 

stability. Ca2+ dysregulation is implicated in MD. Since mitochondria can function as a low 

affinity, high capacity Ca2+ buffer system, Ca2+ dysregulation promotes Ca2+ overload of 

mitochondria and thus mitochondrial dysfunction. Lack of dystrophin is believed to cause 

membrane fragility and give rise to micro-tears in the sarcolemma. Consequently, an 
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abnormal Ca2+ influx and mitochondrial Ca2+ overload triggers the mitochondrial 

permeability transition via the formation of large pore proteins spanning both inner and 

outer mitochondrial membranes.

Mitochondria are the main source of intracellular ROS. At low Ca2+ concentrations, the 

mPTP gets activated and as a result of the partial mitochondrial depolarization there is a 

decrease in ROS production. At high Ca2+ concentrations, there is a loss of cyt c and 

progressive gating of electron flow via the ETC and the mitochondria rapidly transitions to a 

non-equilibrium state and as a consequence of which the mPTP gets activated and the ROS 

levels increase (193). Studies have suggested that there is substantial decrease in the 

expressions of mitochondrial complexes I, III, IV and V (194). Increased levels of 

cyclophilin D results in an increase in sensitivity of Ca2+ induced activation of the mega 

channel/mPTP (195). Mdx mice, a model of DMD, when treated with the cyclophilin 

inhibitor Debio-025 showed reductions in mitochondrial swelling and the disease associated 

necrotic manifestations.

Antisense therapy involving the use of antisense oligonucleotides (AONs) is a powerful tool 

for introducing post-transcriptional modifications and thereby regulating disease related 

target genes (196). However, naked AONs suffer limited bioavailability, poor cell 

trafficking, and endosomal entrapment (197). Polymeric NPs composed of PEG, 

poly(isobutyl cyanoacrylate) (PIBCA), PLGA are used in a number of examples to deliver 

AONs (196). Inorganic nanomaterials such as gold, silver, silica, calcium phosphate based 

carriers are also used to design hybrid systems to deliver AONs (196). Recently, rapamycin 

NPs have shown to target defective autophagy in MD (198). These agents do not have 

mitochondria specific therapeutic targets and are thus beyond the scope of this article.

4.3. Mitochondrial Dysfunctions in Epilepsy

Epilepsy is typically characterized by recurrent seizures, which consists of synchronized 

discharges of a large groups of neuronal cells that disrupt the normal functioning of the brain 

(199). Mitochondrial dysfunction could be one of the potential causes of epileptic seizures 

(199). A number of factors which get altered during epileptogenesis are shown in Figure 14. 

Evidences also indicate that epilepsy may be a consequence of free radicals, oxidative stress 

and mitochondrial dysfunction (200). Severe impairment in activity of the respiratory chain 

complex I was observed (201). Superoxide radicals are produced in considerable amounts 

during inhibition of the respiratory chain that can overload the endogenous ROS scavenging 

mechanisms resulting in oxidative damage to mitochondrial proteins, phospholipids and 

DNA. Also, recent evidences show that there is a direct relation between mitochondrial 

oxidative stress and DNA damage that occur during the various phases of epileptogenesis 

(202).

A wide range of liposomes, polymeric nanoparticles, solid nanoparticles and metallic NPs 

are employed to deliver a number of anti-epileptic drugs (AEDs) (203). Liposomes were 

used to deliver AEDs such as gamma-aminobutyric acid and phenytoin to show suppressed 

epileptic seizures (203). Polymeric NPs with advantages of higher stability, controlled drug 

release, and higher circulatory half-life were also used to deliver AEDs such as thyrotropin-
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releasing hormone, clonazepam (204), ethosuximide (205), valproate (206), loperamaide 

(207), phenytoin (205, 208), and carbamazepine (205).

As discussed before, ROS is well known etiological agent in epilepsy. Hidekatsu et al. 

successfully prolonged the anticonvulsant effect in amygdaloid-kindled rats by the use of a 

superoxide dismutase-liposomal formulation (209). Kizelsztein et al. observed controlled 

release of tempamine, a potential antioxidant, using a PEGylated liposomes in an animal 

model (210). β-Carotene is an antioxidant known for its epileptic convulsions. 

Bioavailability and stability of polysorbate-80-coated β-carotene nanoparticles for epileptic 

convulsions in mice models was found to be higher when compared to unmodified β-

carotene (49).

4.4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) arises from selective degeneration of the cortical motor 

neurons and anterior horn cells of the spinal cord. In this disease, a mutation of superoxide 

dismutase 1 (SOD1) causes a defect in the overall motor neuron dynamics, subsequently 

affecting the transport of mitochondria within neuronal cells (211). Evidence suggests that 

increased levels of SOD1 expression directly influence up-regulation of more than 50 

mitochondrial proteins, including mitofusin 2 (Mfn2). This indicates that, in addition to 

destruction of ROS, SOD1also acts as a feedback regulator of membrane potential within 

mitochondria (211). The changes associated with mitochondria in ALS are presented in 

Figure 15. Mutation in the SOD1 protein leads to misfolding, which directs its translocation 

into the mitochondrial intermembrane space causing aggregation. The mutant SOD1 protein 

is also the causative agent for cell death in ALS models of disease (212).

Therapeutic approaches for ALS therapy include, vaccines targeting the epitopes of 

misfolded protein, adaptive immune neuroprotection, stem cell therapy as well as recent 

emerging applications of nanotechnology in neuroscience (213). The nascent approach of 

nanotechnology in this field have focused in part on regulating ROS production, since 

several results suggest that the loss of major neuronal portion in ALS is mainly due to the 

damages caused by ROS production. Recently PLGA-NPs carrying SOD1 to neurons was 

reported to provide protection against hydrogen peroxide-induced oxidative stress in human 

neurons (214). SOD-like mimicking activity was observed with carboxyfullerenes which 

demonstrated increased reactivity to superoxide radicals and a high cell permeability, and 

exhibited neuroprotective ability in vitro (215). In another study, a reactive product of lipid 

peroxidation, known as acrolein, was identified in the motor neurons of patients with ALS 

as well as in the brains of patients with Alzheimer’s diseases. In the same study, mesoporous 

silica NPs loaded with hydralazine and functionalized with PEG were able to rescue 

acrolein-mediated apoptosis in vitro (216). AuNPs modified with SOD1 monomer and 

utilizing colorimetric detection system was developed for diagnosis of ALS (217). Thus, 

nanomedicine offers the potential to improve effective diagnosis and treatment of ALS.

5. Mitochondrial Targets for Neurological Diseases

Mitochondrial dysfunctions leads to severe neurological disorders (218). A number of 

diseases where mitochondrial dysfunctions play significant roles along with the cell type 
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that suffer from these dysfunctions are depicted in Figure 16. Neurons are highly dependent 

on OXPHOS as they do not have the ability to multiply and regenerate. Thus, any 

dysfunction and communication gap can cause severe defects in neuronal functions (219). 

Oxidative stress localized in the mitochondria, disrupts calcium homeostasis as well as 

apoptosis, contributing to neurological diseases. These diseases include Alzheimer's disease 

(AD), Parkinson's, and Huntington's diseases, stroke, ALS, and psychiatric disorders (220). 

Defects in mitochondrial gene are also the major cause of syndromes which include: chronic 

progressive external ophthalmoplegia; Kearns-Sayre syndrome of chronic progressive 

external ophthalmoplegia, retinitis pigmentosa, sensory-neural deafness and cardiac 

conduction disturbances, Leber's hereditary optic neuropathy, syndrome of mitochondrial 

encephalomyopathy, lactic acidosis and stroke-like episodes, myoclonic epilepsy with 

ragged red fibers, and neuropathy with ataxia and retinitis pigmentosa (221).

Current research assessments of mitochondrial biogenesis, mitophagy, and dynamics suggest 

that mitochondrion as an organelle, exhibits movement as part of neuroprotective strategies, 

both in case of neural disease and injuries (222). The application of nanotechnology in 

design and development of therapeutic materials for the treatment neurodegenerative 

diseases in particular where mitochondria is the target is at the preliminary stages of 

development. Despite this, recently several impressive body of research and technologies 

were developed, however this particular area is beyond the scope of the current review.

6. Mitochondrial Nanomedicine: The Future

As the mitochondria play central roles in life and death processes of cells, their 

abnormalities are responsible for various diseases. Nanotechnology-based toolbox can 

provide unique approach to target the mitochondria of diseased cells to provide “precision 

medicine” for better management of these diseases. The recent developing NP-based 

strategies have shown great promise for targeting specific sites of organ, tissue, or cells; 

thus, the ability to use nanotechnology may provide unexplored therapeutic efficacies when 

targeted to subcellular organelle such as the mitochondria. We must acknowledge that the 

use of nanotechnology in targeting such a complex and dynamic organelle as mitochondria 

can be a difficult task to achieve; however, the early advances as shown in this review is 

promising and encouraging. However, careful examinations of targeting properties of 

nanomaterials need to be critically explored to take advantage of these unique materials and 

their properties for subcellular targeting. Most of the reported works mainly focus on 

evaluation of targeting abilities of nanomaterials by fluorescence imaging. Mitochondrial 

association properties of such nanodelivery vehicles should be interpreted with caution. One 

needs to adopt multiple complementary techniques to understand the association properties 

of delivery vehicles with the mitochondria. Looking ahead, it is clear if carefully executed, 

nanotechnology based tools can provide novel alternatives for diseases where dysfunctional 

mitochondria are involved.
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Figure 1. 
Contribution of mitochondrial dysfunctions in progression of various diseases.
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Figure 2. 
Schematic overview of different parts of mitochondrion.
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Figure 3. 
Schematic diagrams for the different mitochondria targeted scaffolds derived by amphiphilic 

DQA cations, PAMAM and carbon nanotubes. (a) Structure of amphiphilic dequalinium 

(DQA) cation and its drug entrapped micellar nanostructures; (b) DQA based nanomicelles 

for gene delivery to mitochondria; (c) TPP anchored PAMAM based dendrimers for gene 

delivery to mitochondria; (d) Rh110 functionalized carbon nanotubes based mitochondria 

delivery of dual drugs.
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Figure 4. 
Schematic diagrams for the TPP functionalized liposomes constructed based on different 

phospholipids bearing mitochondria targeted agents. Structure of mitochondria targeted 

liposome and demonstration of its endosomal escape capability to finally reach mitochondria 

matrix, and chemical structures of mitochondria targeted molecules and lipids used for the 

preparation of liposomes to target mitochondria.
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Figure 5. 
Triblock star polymer containing PEG, PCL, TPP and CoQ10 loaded mitochondria targeted 

NPs.
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Figure 6. 
Schematic presentation of engineered drug loaded polymeric NP decorated with TPP cations 

on the surface to target mitochondria.
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Figure 7. 
Schematic diagram for the construction of mitochondria targeted ZnPc-loaded NPs for PDT 

using a 660 nm laser light to produce ROS to causes cell death and subsequent activation of 

DCs using TAAs.

Wen et al. Page 37

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Delivery of a combination of aspirin and a cisplatin prodrug using blended NPs constructed 

from a Janus polymer containing both the therapeutics and mitochondria targeted PLGA-b-

PEG-TPP.
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Figure 9. 
Changes in mitochondrial functional pathways associated with cardiomyopathy.
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Figure 10. 
Possible targets located in the mitochondrion for CVDs. ETC-electron transport chain, 

VDAC-voltage dependent anion channel, mtDNA-mitochondrial DNA, StAR-steroidogenic 

acute regulatory protein, CL-cardiolipin, cyt c-cytochrome c.
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Figure 11. 
Schematic diagram of CoQ10-NPs and its reduction process.
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Figure 12. 
Structure of MitoQ.
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Figure 13. 
Schematic diagram of the mitochondria-targeted biodegradable synthetic HDL with various 

components.
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Figure 14. 
Changes of mitochondrial properties during the progression of epileptogenesis.
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Figure 15. 
Mitochondrial changes during ALS.
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Figure 16. 
Mitochondrial dysfunctions in different neurodegenerative diseases along with the cell types 

that suffer from mitochondrial dysfunctions.
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Table 1

Mitochondria targeted molecules, delivery vehicles, and their targets in the mitochondria.

Therapeutics Targeting groups (in bold face)
on nanodelivery vehicles

Target and its location

3-Bromopyruvate Au-TPP NPs (24) HK-II in OMM

ClPhIQ Acid PAMAM-ClPhIQ Acid (25) TSPO and OMM

Lonidamine (LND) DSPE-PEG-DQA (26)
PLGA-b-PEG-TPP(27)

PTP, HK-II inhibitor, OMM, IMM 
and MM

PTX Liposomes-Rh123 (28), TPGS-1000-TPP (29), PEI-PEG-
TPP (30)
Liposomes-KLA (31)

Unknown in MM *

Curcumin PLGA-b-PEG-TPP (27), DQAsomes-DQA (32) Antioxidant in MM and IMS

DNase I, PI, RNA (DF-)MITO-Porter (33–35) mtDNA in MM

2, 4-DNP PLGA-b-PEG-TPP (27) Protonphore in IMM and matrix

α-TOS PLGA-b-PEG-TPP (27) BCl-2 protein inhibitor and 
antioxidant in OMM, IMM and MM

DNA and other therapeutic genes PAMAM-G-5-TPP (30, 36) and DQAsomes-DQA (37, 38) mtDNA in MM

DOX PEI-TPP (39), Liposomes-STPP (40) Complex I of ETC in IMM

Pt(II) and Pt(IV) drugs and prodrugs MWCNTs-Rh-123 (41)
PLGA-PEG-TPP (42)

mtDNA in MM

Ceramide Liposomes-STPP (43) Apoptosis inducer, IMS, IMM and 
MM

Sclareol Liposomes-STPP (44) Apoptosis inducer, IMS, IMM and 
MM

Resveratrol DSPE-PEG-DQA (36) Antioxidant in MM and IMS

Daunorubicin and amlodipine Liposomes-DQA (45, 46) Apoptosis inducer, IMS, IMM and 
MM

CCI-779 Liposomes-Zwitterionic oligopeptide (47) mTOR in IMS and matrix

CoQ10 PCL-TPP (48) ETC in MM

Topotecan hydrochloride TPGS1000-DQA (49) Topoisomerase I inhibitor and MM

TPP=Triphenylphosphonium, HK-II=Hexokinase-II, OMM=outer mitochondria membrane, ClPhIQ acid =1-(2-chlorophenyl)isoquinoline-3-
carboxylic acid, PAMAM=Polyamidoamine, TSPO=Translocator protein, DSPE-PEG-DQA=Polyethylene glycol-
distearoylphosphatidylethanolamine-dequalinium, PLGA-b-PEG-TPP=Poly(lactic-co-glycolic acid)-polyethylene glycol-triphenylphosphonium, 
PTP=Permeability transition pore, IMM=Inner mitochondrial membrane, PTX=Paclitaxel, TPGS-1000-TPP=Tocopheryl polyethylene glycol 1000 
succinate-triphenylphosphonium, PEI-PEG-TPP = Poly(ethylene imine)-polyethylene glycol-triphenylphosphonium, KLA= D[KLAKLAK]2, 2, 4-
DNP = 2, 4-dinitrophenol, IMS = Intermembrane space, α-TOS = α-tocopheryl succinate, BCl2= B-cell lymphoma 2, DOX = Doxorubicin, STPP 
= Stearyl triphenylphosphonium, MWCNTs = Multi-walled carbon nanotubes, Rh123 = Rhodamine 123, ETC=electron transport chain, mTOR 
=mammalian target of rapamycin, CoQ10 = Coenzyme Q10, PCL = polycaprolactone, CCI-779 = Cell cycle inhibitor-779
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