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    Chapter 7   
 Targeted Drug Delivery to the Mitochondria 

             Udita     Agrawal     ,     Rajeev     Sharma    , and     Suresh     P.     Vyas    

      Abbreviations 

   CPPs    Cell penetrating peptides   
  CsA    Cyclosporin A   
  CTAB    Cetyltrimethylammonium bromide   
  DOPE    Di-oleoylphosphatidylethanolamine   
  DOPE    1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine   
  DOTAP    Dioleoyl-1,2-diacyl-3-trimethylammoniumpropane   
  DOTMA    2,3-Bis-(oleoyl)oxipropyl-trimethyl ammonium chloride   
  GSH    Glutathione   
  Mce 6    Photosensitizer mesochlorine 6   
  MEND    Multifunctional envelope-type nano-device   
  MLS    Mitochondrial targeting sequences   
  MPPs    Mitochondria-penetrating peptides   
  mPTPCs    Mitochondrial permeability transition pore complexes   
  MTS    Mitochondrial targeting signal peptide   
  PAA    Polyacrylic acid   
  PAMAM    Poly(amidoamine) dendrimer   
  PLGA    Poly-lactide-co-glycolide   
  PT    Permeability transition   
  PTD    Protein transduction domain   
  PTPC    Permeability transition pore complex   
  SOD    Super-oxide dismutase   
  SOPC    1-Stearoyl-2-oleoylphosphatidylcholine   
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  SOPS    Stearoyl-oleoyl-phosphatidylserine   
  STPP    Stearyl triphenyl phosphonium   
  TAT    Trans-activating transcriptional activator   
  tBHP    t-Butylhydroperoxide   
  TPP    Triphenylphosphonium   
  TPP    Triphenylphosphonium   
  VDAC    Voltage dependent anion channel   
  ZnO    Zinc oxide   
  ZnPc    Zinc phthalocyanine   

7.1           Introduction 

  Targeting   therapeutics to intracellular organelles of interest could be very effective 
in maximizing the drug effect and minimizing side effects. However, intracellular 
delivery and subsequent targeting to specifi c cellular compartments is challenging, 
especially for macromolecular drug delivery systems, due to a cell membrane that 
prevents their spontaneous entrance and that nanocarriers are taken up primarily by 
energy-dependent endocytosis process. Mitochondria are decisive cellular organ-
elles known for their role in providing profi cient energetic support through the 
chemiosmotic process of oxidative phosphorylation. The intrinsic pathway of apop-
tosis is controlled and governed by mitochondria by regulating the translocation of 
proapoptotic proteins from the mitochondrial intermembrane space to the cytosol 
and also participate in some forms of non-apoptotic cell death, such as necrosis. 

 In the context of drug delivery, effectiveness of any drug or gene therapy depends 
upon its delivery (site specifi c) within the cell (improve the effi cacy) with the ability 
to reduce the toxicity. It is required to deliver drug to the specifi c cells as well as to 
inner cell compartments, which may contribute to a disease. Advancements in mito-
chondrial research and in medical technology have led to the fabrication of drugs that 
specifi cally target the mitochondria. Drugs that target mitochondria and exert their 
activity have become a focus of recent investigations due to their great clinical poten-
tial. The molecules, which selectively act on one or more mitochondrial sites for the 
palliative treatment and diagnosis of mitochondria associated diseases, are termed as 
“mitochondrial medicine” [ 1 ]. Nevertheless   , targeting of mitochondria is particularly 
exigent as hurdles including biological barriers, additional barriers including intra-
cellular diffusion/transport to the mitochondria and electrical potential across outer 
and inner mitochondrial membranes and toxicity affect the development of mito-
chondrial targeted therapeutics [ 2 ]. Moreover, processes such as the mobility of the 
system in the cytosol (because of the high concentrations of dissolved macromole-
cules), the rate of degradation in the cytosol and the rate of uptake into the targeted 
organelle limit intracellular targeting and thus affect targeting effi ciency. Despite all 
these barriers and obstacles, drug delivery strategies are continuously being designed, 
and explored to target mitochondria specifi cally to make therapy more effi cient and 
to minimize nonspecifi c side effects [ 3 ].  
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7.2     Importance of Mitochondrial Morphology 

    Mitochondria are typically elongated, thread-like organelles which differ from other 
organelles as they are double membranous structure with an unusual lipid composi-
tion. The mitochondrion is composed of four compartments each with different 
compositions, activities and functions: a porous outer membrane (lipid to protein 
ratio of 1:1), permeable to molecules smaller than about 6 kDa; an intermembrane 
space containing a number of specialized proteins; a convoluted and invaginated 
inner membrane containing the enzymes of oxidative phosphorylation and a series 
of metabolite carrier proteins; the mitochondrial matrix [ 4 ]. 

 The mitochondrial matrix is the innermost space enclosed by the cristae mem-
brane and contains enzymes of different breakdown pathways, including fatty 
acid oxidation, citric acid cycle, and the urea cycle, mitochondrial ribosomes, 
and specialized transfer RNAs as well as several copies of circular non-chromo-
somal mitochondrial DNA (mtDNA). mtDNA encodes 13 polypeptides, 22 
tRNAs, and 2 rRNAs. All the 13 polypeptides are the components of mitochon-
drial enzymes. A number of transport proteins are present in the inner mem-
brane—each of which is responsible for the transport of a specifi c ligand and 
compounds to the matrix space. For example, the ATP/ADP carrier (AAC) trans-
ferring ATP out of the matrix space, while simultaneously allowing ADP to cross 
the inner membrane. Mitochondria are found in all nucleated cells and are the 
principal generators of cellular ATP by oxidative phosphorylation. The number of 
mitochondria per cell is related to the energy requirements of the cell and varies 
according to the cell type, cell-cycle stage, proliferative state, and diseases related 
energy demands of the cell. Metabolically active organs such as liver, brain, car-
diac and skeletal muscle tissues contain up to several thousands of mitochondria 
per cell while somatic tissues with low energy demands contain only a few dozen 
mitochondria [ 5 ]. Mitochondria have key implication in many pathways essential 
to both the life and death of cells. These organelles generate 80–90 % of ATP by 
oxidative phosphorylation needed for cell respiration and survival, regulate cal-
cium fl ux, and have signifi cant role in the integration of pro- and anti-apoptotic 
stimuli. Mitochondria cannot be formed de novo. They vary in shape, length, size 
and are dynamic organelles having complex, interconnected, and network like 
structures [ 6 ].  

7.3     The Rationale for Mitochondria Drug Delivery 

 Mitochondria are the center of numerous fundamental metabolic pathways which 
are the prime target for pharmacological intervention. Cell’s energy metabolism, 
regulation of programmed cell death and intracellular calcium concentration are 
controlled by mitochondria. Furthermore, the mitochondrial respiratory chain is the 
major source of damaging reactive oxygen species. Consequently, a number of 
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diseases including diabetes, cardiomyopathy, infertility, migraine, blindness, deaf-
ness, kidney, liver diseases, and stroke are the result of mitochondrial dysfunction. 
Somatic mutations in the mitochondrial genome contribute to aging, age-related 
neurodegenerative diseases as well as in cancer. Another concern is mitochondrial 
toxicity. A number of xenobiotics and therapeutics such as haloperidol and thiothix-
ene exhibits mitochondrial toxicity by interfering with mitochondrial functions [ 7 ]. 
Membrane barriers as well as mitochondrial toxicity are signifi cant limitations to be 
addressed for the effective mitochondrial therapeutics. In conclusion, the delivery of 
therapeutics into mitochondria may provide the basis for a large variety of future 
therapies. The natural aging process can be slowed down by delivery of antioxidants 
to the mitochondria. Mitochondrial DNA diseases may possibly be treated by the 
delivery of therapeutic DNA and RNA such as antisense oligonucleotides, ribo-
zymes as well as plasmid DNA expressing mitochondrial encoded genes. The tar-
geted delivery of drugs to mitochondrial-uncoupling proteins may be promising in 
obesity treatment. Designing therapeutic strategies specifi cally for killing cancer 
cells by exploiting their metabolic alterations may open up therapeutic possibilities 
for new anticancer therapies. Moreover, apoptosis-resistance of many cancer cells 
can be treated by delivering molecules which trigger apoptosis directly without 
involving mitochondria.  

7.4     Mitochondrial Dysfunction and Related Disorders 

 Mitochondrial diseases include the disorders that are related to defects or absence of 
proteins that are utilized in mitochondria [ 8 ]. Dysfunctions caused by mutations 
mainly affect proteins of the respiratory chain and consequently normal energy pro-
duction which can lead to severe diseases. Cancer, Neurological disorders such as 
Parkinson’s, Alzheimer’s, and Down syndrome are associated with mitochondrial 
dysfunction. Mitochondria also play a vital role in the pathology of many other dis-
eases such as diabetes, amyotrophic lateral sclerosis, ischemic heart disease, hyper-
thyroidism, non-alcoholic fatty liver disease, and phenylketonuria. Mitochondrial 
dysfunction, which increases cellular glucose levels and consequently reduces insu-
lin production [ 9 ] may cause diabetes. The maternally inherited type of mitochondria 
related diabetes is caused due to spot mutation/point mutation in one of the mito-
chondrial genes encoding tRNALeu (UUR). Amyotrophic lateral sclerosis is gradual 
and selective loss of motoneurons in cortex, brainstem, and spinal cord caused due to 
mutations in the enzyme superoxide dismutase 1 (SOD 1) in the mitochondria. 
Alzheimer’s (AD) and Parkinson’s disease (PD) are common age related diseases 
[ 10 ]. Patients with Alzheimer’s disease showed altered activities of enzymes in tri-
carboxylic acid (TCA) cycle, mutations of mitochondrial fusion proteins, and accu-
mulation of mtDNA mutations. The importance of mitochondria in the pathology of 
cancer and diabetes is discussed below: 
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7.4.1     Cancer 

 Cancer cell mitochondria are structurally and functionally different from their normal 
counterparts signifying the role of mitochondrial dysfunctions in the entire process 
of cancer development and progression. Synthesis of respiratory chain proteins due 
to mutations of the mitochondrial DNA (mtDNA) leads to increased electron leakage 
and ROS over production. Increased ROS level favors cell proliferation, DNA dam-
age, genetic instability, resistance to antitumor agent’s chromosomal instability, neo-
plasm metastasis, and carcinogenesis. Mitochondria regulate the intrinsic pathway of 
apoptosis by regulating the translocation of proapoptotic proteins from the mito-
chondrial inter-membrane space to the cytosol [ 11 ]. An intact outer membrane con-
tains a variety of inactivated apoptotic proteins and once the integrity is lost; these 
apoptotic proteins are dumped into the cytoplasm and induce apoptosis. In cancer 
cells the antiapoptotic proteins are overexpressed with reduction in proapoptotic 
factors, enabling the cancer cells to be more resistant. In malignant lesions compo-
nents of the permeability transition pore complex (PTPC) express and exhibit alter-
ations, which control the exchange of metabolites and also mediate the permeability 
transition to trigger the release of cytochrome c. Thus, targeting of molecules or toxic 
substances which stimulate the permeability transition or alteration of mitochondria of 
tumor cells and devastate the mitochondrial DNA in mammalian cells to encourage 
apoptosis could be promising targeting strategy for cancer therapy [ 12 ].   

7.5     Mitochondria-Targeted Agents Under Preclinical 
and Clinical Evaluation for Anticancer Therapy 

 Many of the compounds that target differences between mitochondria from normal 
cells and from cancer cells are currently under preclinical and clinical evaluation.

•    Agents targeting the transition of cell metabolism 
 Non-metabolically active glucose analog like 2-deoxyglucose inhibits glycolysis 
is currently under Phase I/II clinical trials. 3-bromopyruvate, an analog of lactic 
acid under preclinical testing, has shown benefi cial property on tumor growth. 
Derivative of indazole-3-carboxylic acid, lonidamine (LND) inhibits glycolysis 
and improves the cytotoxicity of the doxorubicin and cisplatin is under multiple 
Phase III clinical trials. In addition, phloretin is known to sensitize cancer cells to 
daunorubicin for its anticancer activity and apoptosis to overcome drug resistance 
only under hypoxia. Another agent, dichloroacetate that inhibits the key enzyme 
pyruvate dehydrogenase kinase in cancer cells, is currently under Phase II clinical 
trials in brain tumor and some solid tumors.  

•   Agents targeting cellular damage caused by abnormal ROS production 
 Several agents that increase ROS generation for cancer therapy are under clinical 
trials. Arsenic trioxide can cause an increase in electron leakage by interfering with 

7 Targeted Drug Delivery to the Mitochondria



246

the OXPHOS, therefore promoting ROS generation, leading to cancer cell apop-
tosis. Redox-inactive vitamin E analog alpha-tocopheryl succinate is under 
Phase II study in melanoma, prostate cancer, colorectal cancer, mesothelioma, 
and breast cancer for anticancer activity. 

 The Phase I/II studies have demonstrated that 2-methoxyestradiol; an estro-
gen derivative that selectively kills human leukemia cells is well tolerated and 
causes disease stabilization in patients with solid malignancies or with multiple 
myeloma. Additionally, buthionine sulfoximine and imexon are both in Phase I 
clinical trials.  

•   Agents targeting the disabled apoptosis pathway 
 Bcl-2, an antiapoptotic protein is a promising target molecule in cancer therapy. 
Antisense oligonucleotides specifi c for Bcl-2 RNA sequences (such as G3139) 
suppress particularly the proliferation of cancer cells or augment their sensitivity 
to chemotherapeutic drugs. G3139 and Gossypol, a BH3 mimetic is under Phase 
III clinical trials in addition with chemotherapeutic agents in a number of tumors. 
Peripheral benzodiazepine receptor (PBR) ligands, such as PK11195, RO5-4864 
and diazepam, have shown antitumor effects both in vitro and in vivo, either as 
alone or in combination with other chemotherapeutic agents and have entered 
clinical trials. The promising results have been achieved in patients with recur-
rent glioblastoma treated with diazepam plus lonidamine.  

•   Agents targeting mutated mtDNA 
 Several compounds that target mtDNA or enzymes related to its replication illus-
trate potential clinical applications. Among them, cisplatin, a classic anticancer 
drug in clinical use, is found to bind preferentially to mtDNA more than to 
nuclear DNA and shows higher cisplatin–mtDNA adduct levels, resulting in the 
inhibition of NADH-ubiquinone reductase and the decrease of ATP generation. 
Ditercalinium, a bis-intercalating agent accumulates in the mitochondria causing 
specifi c elimination of mtDNA and inhibition of its replication. In vitro studies 
have shown that vitamin K3 exhibits anticancer activity in breast and pancreatic 
cancer cells by specifi cally inhibiting the affect on DNA polymerase ϒ, the mito-
chondrial enzyme responsible for mtDNA replication but its use as a potential 
anticancer agent remains to be evaluated.     

7.6     Exploiting Mitochondrial Properties for Drug Targeting 

 Mitochondria exhibit some specifi c features that differ from other cellular compart-
ments and also between normal and diseased mitochondria. These features can be 
exploited for developing a targeting strategy to transport biologically active mole-
cules to and into the mitochondria within living mammalian cells. The distinct mito-
chondrial features, which govern the mitochondrial targeting strategies are:

•    The high membrane potential across the inner mitochondrial membrane,  
•   The organelle’s protein import machinery  
•   The mitochondrial fusion process    
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 The fi rst property that can be utilized for targeting is the mitochondrial mem-
brane potential. Mitochondria are composed of a double membrane. Transmembrane 
electrochemical gradient is generated by the electron transport chain and ATP syn-
thesis via oxidative phosphorylation that leads to a high membrane potential, nega-
tive inside and a pH difference, acidic outside [ 13 ]. Therefore, cationic molecules 
are attracted and preferentially taken up by mitochondria. The molecules get selec-
tively accumulated in the mitochondrial matrix in response to their membrane 
potential. The inner mitochondrial membrane has to be crossed for the delivery of 
substances into the mitochondrial. Altogether, lipophilic as well as positively 
charged molecules can take the advantage of the membrane potential to accumulate 
in mitochondria [ 14 ]. Moreover, the outer membrane does not present a barrier to 
small molecules. These can basically diffuse through pores in the membrane formed 
by a membrane spanning protein. 

 Protein import pores the specifi c targeting sequences present in outer and inner 
membrane of mitochondria could potentially be utilized for transporting drug or 
DNA molecules to and/or into the matrix of mitochondria. In addition, any 
mitochondria- specifi c binding sites and unique protein receptor at the mitochon-
drial membranes could be exploited for drug targeting purposes. Mitochondrial tar-
geting by mitochondrial fusion process so far has not been explored yet. Drug 
delivery using carriers might be a suitable approach to mitochondria targeting for 
drugs too large to pass the mitochondrial protein import pores.  

7.7     Challenges of Targeting Mitochondria 

 Although mitochondria play an essential role in various signifi cant pathologies, 
they have been an ignored target. It is due to the diffi culty of selectively targeting 
molecules to this organelle in vivo. Various extracellular and intracellular barriers 
including cell membrane and the mitochondrial membrane impose formidable chal-
lenges to the drug delivery to mitochondria. The transportation through cell mem-
brane is a prime requirement for drug delivery and therapy. For intracellular targeting 
a carrier system must cross the plasma membrane, a major barrier for large and 
charged molecules to enter the cytoplasmic space [ 15 ]. 

 The challenge of targeting mitochondria by itself is to transfer the drug or drug 
carrier across two membranes in the case of mitochondrial matrix targeting. In tar-
geting of the intermembrane space, it is suffi cient to pass the outer mitochondrial 
membrane, but almost all potential targets are located in the mitochondrial matrix. 
Therefore, it is necessary to overcome both mitochondrial membranes which have 
only small pores and a highly lipophilic inner membrane. Theoretically, membrane 
impermeable probes can enter mitochondria through protein import pores (TOM and 
TIM complex), the pore protein porin, also referred to as the voltage dependent anion 
channel (VDAC), the mitochondrial permeability transition pore complexes (mPT-
PCs), through mitochondrial apoptosis-related channels and through apoptosis- 
related ceramide pores. But only the VDAC and the protein import pores are relevant 
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in normal mitochondrial function. The others are related to apoptosis and dysfunction 
and are localized in the outer but not the inner mitochondrial membrane. 

 Size and hydrophobicity of the molecules are the factors affecting and determin-
ing the diffusion rate through mitochondrial membrane. Hydrophobic (log P > 5) 
and relatively small molecular weight (500 mw) substances are transported through 
the plasma membrane by passive diffusion whilst hydrophilic molecules are 
screened off. However, different endosomal mechanisms are also utilized by the cell 
for the transport of macromolecules and carriers. All eukaryotic cells exhibit one or 
more forms of endocytosis. Many endogenous and exogenous ligands enter a cell by 
receptor mediated endocytosis. Optimal drug therapy not only depends on the deliv-
ery of bioactive molecule/macromolecule to its target cell but also its appropriate 
localization within that cell. Receptor targeting for selective uptake and internaliza-
tion of drugs has further expanded with the introduction of new macromolecular 
drugs including DNA, peptides and proteins. The accessibility of sophisticated 
nanotechnology approaches to encapsulate drugs, providing controlled release 
capacity as well as protection of macromolecules from degradation prior to reach-
ing the site of action, has provided an additional level of advantages. 
Macromolecules are primarily entrapped in endosomes followed by maturation to 
form late endosome and ultimately fusion with lysosome in order to exert its ther-
apeutic effects [ 16 ]. The particles that do enter cells via the endosomal pathway, 
must escape the endosome before its fusion with the lysosome in order to prevent 
drug and carrier degradation. Due to the stability problems at endosomal/lysosomal 
pH macromolecular drugs such as proteins, peptides, DNA and drugs should bypass 
the endocytic pathway for their profi cient delivery in the cytosol or other cellular 
organelles [ 17 ]. 

 Different molecules which can be targeted to the mitochondria and pathways for 
mitochondrial targeting are represented in Fig.  7.1 . Peptides namely cell penetrating 
peptides (CPPs) constitute a novel class of molecules capable of transferring mole-
cules directly to the cytosol and bypassing endocytic pathway [ 16 ]. CPPs represent 
short polycationic sequences of about 10–30 amino acids which can extraordinary 
facilitate cellular gene/drug delivery. There are some more peptides that are struc-
turally similar in that they all contain a short sequence of less than 20 amino acids 
with a positively charged arginine and lysine residues. This sequence is called “pro-
tein transduction domain” (PTD) and are considered to be signifi cant to establish 
carrier cellular contact [ 18 ].  

7.7.1     Cytosolic Barriers 

 The barriers that the molecules encounter before they reach mitochondrial organelle 
must be taken into account and special consideration should be given to diffusion of 
molecules from the plasma membrane through the cytosol. The cytosol has an active 
intracellular environment consisted of macromolecular species and specifi c 
 components (water, ions and proteins) with minimal free space available [ 19 ]. 
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The high concentration of macromolecules (up to 400 mg/mL) [ 20 ] in the cytosol is 
referred to as molecular crowding, which constitute a signifi cant diffusion barrier 
for molecules. Moreover, collisional interactions and binding to intracellular com-
ponents in the cytoplasm are additional obstacles encountered during drug targeting 
to the mitochondria [ 21 ].  

  Fig. 7.1    ( 1 ) To design a successful drug delivery system, the therapeutic cargo must be encapsu-
lated with therapeutic moiety depending on the physical characteristics, ( 2 ) intracellular traffi cking 
of carrier including endosomal escape, ( 3 ) mitochondrial targeting, ( 4 ) showing the general route 
other than mitochondrial targeting       
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7.7.2     Mitochondrial Membranes 

 Mitochondria offer two anatomical barriers, the outer and inner mitochondrial 
membrane to the therapeutic agents to be targeted to the mitochondrial matrix. 
The outer mitochondrial membrane is weak barrier compared to the inner membrane 
and contains voltage-dependent anion channels (VDAC, also referred to porin) [ 22 ]. 
VDACs nonspecifi cally transport molecules into the transmembrane space between 
the outer and inner mitochondrial membranes and also coordinate with the mito-
chondrial permeability transition pore complex [ 23 ]. VDAC also integrates with 
PBR which primarily translocates cholesterol and benzodiazepine derivatives into 
the mitochondria for metabolism. 

 The outer membrane also contains mitochondrial protein transporters that trans-
locate proteins which are generally positively charged and contain alpha helical 
secondary structure into the mitochondria [ 24 ]. The drug has to cross the inner 
membrane to reach the mitochondrial matrix. The inner membrane creates a strong 
negative membrane potential of approximately −180 mV due to the presence of 
electron transport chain which accounts for the higher accumulation of cationic 
lipophilic drugs than other molecules including hydrophilic, neutral, and anionic 
molecules. This negative membrane potential can be exploited to target therapeutics 
to this organelle. Mitochondrial accumulation of therapeutics involves factors such 
as electric potential, ion-trapping, and complex formation with cardiolipin [ 14 ]. It is 
reported that lipophilicity, charge and polar surface area of the drug infl uence mito-
chondrial uptake. Transporter proteins assist the uptake of other drug/protein mol-
ecules with low affi nity for mitochondria. Integrating mitochondrial translocation 
ligands and/or positively charged ligands into the therapeutic carrier design may 
help targeted mitochondrial delivery [ 25 ]. Figure  7.2  represents schematic represen-
tation of biological barriers to mitochondria delivery and the approaches that could 
surmount the drug delivery challenges.    

7.8     Mitochondria  Targeting   Strategies 

 A range of strategies for targeting bioactives to mitochondria has been explored. 
These strategies utilize biophysical properties of mitochondria, unique mitochon-
drial enzymes and targeting based on the transporter-dependent delivery to mito-
chondria. Compounds exhibiting or possessing a positive charge are attracted to 
mitochondria (due to the negative potential) but are unable to enter the mitochon-
drial matrix because of the impermeability of inner mitochondrial membrane to 
polar molecules. Therefore, additional physicochemical properties are required for 
mitochondrial targeting. Although it has been widely accepted that molecules 
should be comprised of positive charge and lipophilicity/amphiphilicity for mito-
chondrial targeting, the idea is still in controversies. Moreover, correlation between 
physicochemical properties and extent of accumulation in mitochondria could not be 
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  Fig. 7.2    Schematic    representation of biological barriers for mitochondria delivery and the 
approaches to overcome the drug delivery challenges. Reproduced with permission from 
ref. [ 26 ]       

 

7 Targeted Drug Delivery to the Mitochondria



252

demonstrated [ 14 ]. However, several strategies directed/designed for mitochondrial 
targeting are shown to selectively deliver the drugs or molecules into mitochondria 
are discussed in this chapter. Figure  7.3  represents various targeting strategies for 
mitochondrial targeting.  

7.8.1     Lipophilic Cation-Based Non-peptide Targeting 
Strategies 

 Lipophilic cations can easily transverse across the plasma membrane and the mito-
chondrial membranes because of the cationic charge and hydrophobic surface area, 
which in effect lowers the activation energy for their movement across the mem-
brane. The negative membrane potential enables the positively charged moiety to 
move through membranes and accumulate in the mitochondrial matrix. Furthermore, 
lipophilic cations do not require a specifi c import mechanism. The mitochondrial 
membrane potential is about 180–200 mV which favors a 200- to 400-fold higher 
accumulation of lipophilic cation in the mitochondrial matrix. The membrane 
potential of the plasma membrane is about 30–60 mV, negative inside thus accumu-
lation of these compounds in mitochondria relative to the extracellular environ-
ment is several fold higher [ 27 ]. 

 

 

 

 

 

 

 

 

 

  Fig. 7.3    Schematic representation of various mitochondrial drug targeting strategies          
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 Triphenylphosphonium (TPP) cation is best characterized and most widely used 
delocalized lipophilic cation for delivery to mitochondria, which was originally 
used to assess the mitochondrial membrane potential [ 28 ]. Uptake of TPP into mito-
chondria is well recognized and it is comparatively straightforward to introduce it 
into a compound late in the chemical synthesis scheme, typically by displacing a 
leaving group with triphenylphosphine cation [ 27 ]. Moreover, TPP or a methyl 
derivative of TPP does not require any receptor to penetrate into mitochondria. 
Drugs can be attached through the functional groups to the phosphorous atom or 
modifi ed phenyl rings and carried into the matrix space [ 29 ]. It has been applied in 
various studies for mitochondrial targeting of antioxidants with an aim of protecting 
them from oxidative damage [ 30 ]. A wide range of antioxidants have been targeted 
to mitochondria by conjugation to the TPP lipophilic cation, including ebselen, 
lipoic acid, vitamin E, nitrones, plastoquinone, and nitroxides. This principle has 
also been successfully exploited to transport peptide nucleic acid (PNA) of 
3.4–4 kDa by conjugating them with TPP for mitochondrial targeting in order to 
inhibit the replication of mutated mtDNA. Other lipophilic cations such as rhoda-
mine 123 or tetraguanidinium oligomers are also found to accumulate selectively 
within mitochondria [ 31 ]. A mitochondria targeted analog of α-tocopherol (MitoE2), 
reduces iron/ascorbate-induced mitochondrial damage and neuronal and astrocytic 
cell death in pyramidal neurons. MitoQ exhibits antioxidant properties upon mito-
chondrial uptake. In mitochondria, MitoQ is reduced to ubiquinol, which is the 
antioxidant species that detoxifi es reactive oxygen species (ROS), and is thereby 
oxidized to ubiquinone; the ubiquinone thus formed is reduced to ubiquinol.  

7.8.2     Mitochondria-Targeted Peptides 

 Studies describe a variety of peptide and amino acid based mitochondrial transporters 
which are designed to utilize charge-driven uptake into the mitochondria. These 
peptides appear to enter cells via direct mode of uptake, avoiding endosomal and/or 
lysosomal sequestration that would prohibit their ability to accumulate in mitochon-
dria [ 32 ]. Peptides with antioxidant properties present a different mitochondria 
targeting strategy. 

 The peptide sequences are resistance to hydrolysis and, have considerable phar-
macokinetic properties. The observed cell permeability of peptides is dependent on 
charge and lipophilicity. Szeto-Schiller (SS)-peptides (positively charged peptides) 
is an approach which could be used for mitochondrial targeting. The structural 
motif consisted of four alternating aromatic and basic amino acids and possesses 
three positive charges at physiological pH. Studies have revealed their rapid uptake 
through the plasma membrane and accumulation in mitochondria in isolated cells 
[ 33 ]. The uptake of Szeto-Schiller peptides into mitochondria does not depend upon 
the negative membrane potential and the mechanism behind their uptake is cur-
rently not clear [ 34 ]. The novel approach for targeted delivery of antioxidants to the 
inner mitochondrial membrane using Szeto-Schiller (SS) peptide antioxidants 
resulted in reduced ROS and cell death caused by t-butylhydroperoxide (tBHP) in 
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neuronal N2A cells (EC50 in the nM range). These have been investigated in a variety 
of in vitro and in vivo disease models. 

 The peptides inhibit lipid peroxidation by scavenging hydrogen peroxide and 
peroxynitrite. Tyrosine and dimethyltyrosine residues may produce antioxidant 
action. SS peptide antioxidants inhibit the permeability transition (PT) and swell-
ing, and reported prevented cytc release induced by Ca 2+  in isolated mitochondria. 
Because ROS and PT have been implicated in myocardial stunning these peptide 
antioxidants can notably progress contractile force in an ex vivo heart model. 
Therefore, it can be speculated that these peptidal antioxidants can be effective anti-
aging treatment and diseases associated with oxidative stress [ 33 ]. 

 Mitochondria-penetrating peptides (MPPs) are one more promising delivery 
vectors for specifi c and effective mitochondrial transport [ 35 ]. These consist of 
four or eight alternating positively charged, hydrophobic, and partly unnatural 
amino acids. Small molecules, biotin and trolox, a water soluble analog of vita-
min E are delivered by MPPS into mitochondria [ 32 ]. Use of cell penetrating 
peptides (CPP) is another approach which is able to transport the cargoes of much 
higher molecular weight compared to their own [ 36 ]. CPP are larger peptides 
consisting of up to 30 positively charged or alternating positively charged and 
hydrophobic amino acids. Studies show that number of molecules such as pro-
teins, peptides, nucleic acids, and even nanocarriers like liposomes can be deliv-
ered in this way into cells [ 37 ]. Natural mitochondrial leading sequences (MLSs), 
derived from mitochondrial proteins are competent to deliver molecules into mito-
chondria. They are synthesized in the cytosol, with 10–80 amino-terminal pre-pro-
tein to be translocated to their ultimate mitochondrial destination. These are 
positively charged, hydrophobic, and hydroxylated amino acids with an ability to 
form an amphipathic α-helix that presents one positively charged surface and one 
hydrophobic surface. These structural characteristics are imperative for the identifi -
cation by the mitochondrial protein import pores and therefore when an MLS is 
attached to a non-mitochondrial protein, it can specifi cally direct the protein into 
mitochondria [ 38 ]. 

 Most of these proteins are encoded in the nuclear genome and consequently 
delivered to mitochondria by mitochondrial targeting signal peptide (MTS) that is 
located at the N-terminus of the precursor protein [ 39 ]. These MTSs are typically 
consisting of 10–70 amino acids, which are removed in 1 or 2 proteolytic steps once 
delivered to the mitochondria. These MTS peptide can be used to deliver proteins to 
the matrix of the mitochondria. The MTS sequence leads the cargo protein to the 
mitochondria, and is then cleaved, allowing for the absolute localization and func-
tion of the fused protein [ 40 ]. 

 Cyclosporin A (CsA) is a cyclic peptide that inhibit mPTPC formation and 
delays cell death caused by oxidative stress, and hence used on protecting the heart 
and the brain from ischemia–reperfusion injury. Although CsA is a potential drug 
for an anti-ischemic drug, it is diffi cult to predict the concentrations of CsA in mito-
chondria as there are additional targets of CsA in the cell. Therefore to achieve 
therapeutic benefi t of CsA, mitochondria-specifi c drug carrier system should be 
developed [ 41 ].  
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7.8.3     Lipidic and Polymeric Nanocarriers 
for Mitochondrial Targeting 

 Nanocarriers offer numerous advantages in the design of therapeutics to overcome the 
challenges and limitations associated with mitochondrial targeting. Nanocarrier 
loaded with drug can be conjugated with organelle specifi c targeting moieties. 
 Targeting   moieties include peptide sequences and non-peptide molecules that can be 
recognized and interact with the mitochondrial membranes [ 42 ]. Mitochondrial deliv-
ery of drug requires escape of carrier from endosomes after endocystosis. The drug 
delivery system decorated with targeting moieties has to release the drug into the 
cytosol for the intracellular organelle specifi c targeting    (Table  7.1 ). Liposomes, 
nanoparticles, micelles and multifunctional nanoparticles have been proposed for the 
delivery of hydrophobic drugs to various sub-cellular organelles including mitochon-
dria. In a study fl uorescently labeled micelles were found to be distributed through 
several cytoplasmic organelles including a majority of them being associated with the 
mitochondria. It was found that internalization of drug incorporated in micelles was 
better than the free drug [ 54 ].

   It is demonstrated that the quantum dots that are enfolded in micelles and conju-
gated to a mitochondrial targeting peptide could preferentially accumulate in mito-
chondria when they are applied to the intact cells [ 55 ]. Another strategy that can be 
explored to target mitochondria is the utilization of water soluble fullerene deriva-
tives that accumulate in mitochondria as well [ 56 ]. Moreover, drug conjugates of 
HPMA copolymer are also possible candidates which can be explored for mito-
chondrial targeting. Drug conjugates were synthesized using a photosensitizer 
mesochlorine 6 (Mce 6). Mitochondrial targeting of HPMA copolymer-bound 
Mce 6 enhanced cytotoxicity as compared to non-targeted HPMAcopolymer- 
Mce6conjugates [ 57 ].  

7.8.4     Bolasomes 

 Dequalinium (DQA) is a cationic bolaamphiphile with delocalized charge centers. 
It forms liposome like aggregates in water called DQAsomes/bolasomes that act as 
a vector for the transportation of DNA to mitochondria in living cells. DQAsomes 
exhibited higher mitochondrial accumulation and retention. Positively charged 
DQAsomes are attracted towards the negatively charged mitochondrial transmem-
brane of the tumor cells. García-Pérez et al. [ 58 ] reported that DQA showed anti-
cancer activities and induced a concentration-dependent oxidative stress by 
decreasing glutathione (GSH) level and increasing ROS in a cell type specifi c way. 
Inhibitors of the JNK and p38 stress regulated kinases potentiate DQA-induced 
NB4 cell death indicating a protective function for these enzymes. 

 DQA encapsulating paclitaxel exhibited enhanced apoptosis activity over unen-
capsulated paclitaxel in COLO25 cells [ 59 ]. They are capable of increasing the 
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paclitaxel accumulation in the mitochondria. Apoptotic activity of paclitaxel was 
enhanced following the mitochondria-specifi c delivery at concentrations, at which 
the free drug does not have any signifi cant cytotoxic effect. Paclitaxel loaded 
DQAsomes have led to an improved ability to inhibit the growth of human colon 
cancer tumors in nude mice. Decoration of DQAsomes containing paclitaxel with 
folic acid further improved the antitumor effi ciency [ 60 ]. The folate receptor is over 
expressed in a large variety of human tumors. Conjugated nanocarriers are internal-
ized in a tumor cell-specifi c manner through folate receptor-mediated endocytosis 
resulting in an increased toxicity of the encapsulated drug. Folic acid conjugated 
DQAsomes were studied for cell cytotoxicity using HeLa cells possessed improved 
antitumor activity as compared to plain paclitaxel loaded DQAsomes. They are 
found to be better delivery systems as they could deliver the drug not only to the 
cytosol but also to mitochondria whereas folic acid conjugated liposomes delivered 
the drug into the cytosol only [ 59 ]. Figure  7.4  shows untreated cells, cells incubated 
with empty DQAsomes and cells exposed to naked pDNA, respectively.  

 DQAsomes complexed with plasmid DNA can transport and release nucleic acid 
into mitochondria after interacting with mitochondrial membrane [ 60 ]. In a study 
DNA conjugated to mitochondrial targeting sequences (MLS) was entrapped into 
the DQAsomes and successfully used to deliver the DNA into the mitochondria 
[ 61 ]. Vaidya et al. [ 62 ] studied the antitumor activity of folic acid conjugated 

  Fig 7.4    Fluorescence microscopic images of BT20 cells exposed to DQAsome/pDNA complex. 
The cells were incubated with MitoTracker Red CMXRos for staining mitochondria and with 
SYBR Green I for staining free DNA.  Top row : Cells + DQAsome–pDNA; ( a ) MitoTracker, ( b ) 
SYBR.  White arrows  indicate plasmid DNA transported by DQAsomes to the site of mitochondria 
and released from the DQAsome–DNA complex upon contact with the mitochondrial membrane. 
 Bottom row : Controls, stained with SYBR. ( c ) Untreated cells; ( d ) cells + empty DQAsomes; ( e ) 
cells + naked pDNA. (Reproduced with permission from D’souza et al. [ 60 ])       
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DQAsomes using HeLa cells. It was revealed that folic acid conjugated DQAsomes 
show improved antitumor activity as compared to un-conjugated DQAsomes, folic 
acid conjugated liposomes and paclitaxel solution.  

7.8.5     Lipidic Nanocarrier-Liposomes 

 Liposomes are the most potent and investigated nanocarrier system for mitochon-
drial targeted therapeutics because of their biocompatibility and safety. 
Proteoliposomes prepared by incorporating a crude mitochondrial membrane 
fraction into liposomes was the fi rst research that signifi es the utility of liposomes 
for targeting mitochondria [ 63 ]. Liposomes can be fused with mitochondrial 
membranes releasing their drug load into mitochondria. This approach takes benefi t 
of the fact that mitochondria are able to fuse with one another [ 64 ]. 

 Cationic liposomes made up of DOPE (1,2-dioleoyl-sn-glycero-3- phosphoe-
thanolamine) and DOTAP (dioleoyl-1,2-diacyl-3- trimethylammoniumpropane) were 
used to deliver pro-apoptotic peptide D-(KLAKLAK)2 together with an antisense 
oligonucleotide into mitochondria of the cell in order to treat cancer [ 65 ]. 
Conjugation of a lipophilic cationic ligand to the liposomes could target drugs to the 
mitochondria. In a study ceramide (anticancer agent that targets ROS production) 
loaded liposomes functionalized with stearyl triphenyl phosphonium (STPP) were 
developed and assessed for antitumor effi ciency [ 54 ]. STPP shows both cationic 
and lipophilic properties. STPP functionalized liposomes were localized within the 
mitochondria of 4T1 breast cancer cells and found to induce more apoptosis in 4T1 
breast cancer cells, compared to  unconjugated liposomes. Survival rates of tumor 
induced BALB/c mice models were amplifi ed as compared to non-targeted liposomes 
or no treatment control since the drug was targeted to the mitochondria [ 54 ]. Further, 
STPP functionalized liposomes enhanced the effi cacy of sclareol against colon cancer 
and leukemia. These liposomes were found to enhance the apoptosis, caspase-8 
activity, and caspase-9 activity in COLO205 cells compared to non-targeted lipo-
somes. The amount of drug required for an effective therapeutic response by func-
tionalized liposomes was less compared to non-functionalized liposomes. It is also 
reported that STPP-liposomes directed successful accumulation of rhodamine 
labeled phosphatidylethanolamine into mitochondria of live cells [ 51 ]. 

 MITO-Porter is a liposomal carrier system with octaarginine modifi ed at the sur-
face. It promoted fusion with mitochondrial membranes and was shown to specifi cally 
deliver contents into mitochondria. Macropinocytosis rather than clathrin-dependent 
endocytosis is the main mechanism of internalization of MITO- Porter in the cells [ 3 ]. 
MITO-porter liposomes have also been used to deliver green fl uorescent protein [ 66 ] 
as well as propidium iodide [ 67 ] to mitochondria suggesting their effi cacy in deliv-
ery of small and large molecules to mitochondria. Moreover, MITO-Porter was 
modifi ed with R8 peptide, which mimics the trans-activating transcriptional activator 
(TAT) and was found to function as a useful moiety for cellular uptake as well as 
mitochondrial targeting [ 68 ]. 
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 The multifunctional envelope-type nano-device (MEND) permits effi cient and 
simple packaging of plasmid DNA, proteins or other macromolecules for gene 
delivery. It consists of lipid envelope equipped with various functional devices to 
mimic envelope-type viruses [ 53 ]. MEND is based on the new packaging concept 
‘programmed packaging’, is similar to envelope-type viruses, comprises a con-
densed core, such as plasmid DNA, and a lipid envelope equipped with various 
functional devices, which keep their unique basic properties and exist as separate 
structures in the compound. The merits of MEND include enzymes protection, 
improved packaging effi ciency, controlled size and release over a short period of 
time. To locate these nanoparticles selectively in the mitochondria of cancer cells, 
different strategies like peptides for endosomal escape, ligands for specifi c receptors 
and mitochondrial targeting drugs could be easily incorporated into the core and 
onto the surface of particles. These unique characteristics make this design a capable 
module for drug delivery [ 69 ]. 

 Lipoplexes are small partially stable particles formed by mixing of nucleic acids 
with cationic liposomes which protect nucleic acid from nuclease degradation and 
also enhance cellular transfection. They also facilitate nucleic acids release from 
the intracellular vesicles before they reach the destructive lysosomal compartments 
[ 70 ]. Lipofectin is a cationic liposome that is commercially available as a trans-
fection reagent used for intracellular delivery of DNA [ 71 ]. It is composed of the 
cationic lipid 2,3-bis-(oleoyl)oxipropyl-trimethyl ammonium chloride (DOTMA) 
and di-oleoylphosphatidylethanolamine (DOPE). A spontaneous electrostatic inter-
action between the negatively charged DNA and the positively charged liposomes 
results in condensation of the nucleic acids. Moreover, the resulting cationic liposome/
DNA complexes display a net positive charge that is important for their  association with 
the negatively charged cell surface. Intracellular release of complexed DNA is facilitated 
due to the fusogenic properties of the cationic liposomes based formulation that can 
induce fusion and/or destabilization of the plasma membrane. Intact DNA can be 
delivered into the cytoplasm by the virtue of cationic liposomes. The DNA released 
into the cytosol consequently move to the mitochondrial matrix through protein 
import machinery if DNA is conjugated with MLS. DNA is fi rst conjugated with the 
MLS and this complex is entrapped within the cationic liposomes. The entrapped 
DNA is released from the liposomes in to the cytosol; subsequently DNA is carried 
by the MLS peptides to the mitochondrial matrix (Fig.  7.5 ).   

7.8.6     Polymer Nanocarriers 

 Polymeric nanoparticles are the system of choice because of their stability, 
biodegradability, and biocompatibility. Moreover, polymeric nanoparticles can be 
chemically conjugated and modifi ed to targeting ligands and/or drugs. Poly-lactide-
co-glycolide (PLGA) is nontoxic and biocompatible polymer most commonly 
explored for drug delivery applications. PLGA nanoparticles loaded with super-
oxide dismutase (SOD), was found to be more effi cacious in preventing of H 2 O 2  
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induced neuronal cell death compared to SOD alone and SOD conjugated to poly-
ethylene glycol [ 72 ]. These nanoparticles were fabricated using a w/o/w double 
emulsion method and it was speculated that the H 2 O 2  produced by SOD as a result 
of ROS reduction, depletes intracellular antioxidants such as catalase, which neu-
tralize H 2 O 2 . The study demonstrates the potential of antioxidant loaded polymeric 
nanoparticles in protecting cells from oxidative stress induced cell death. Marrache 
et al. [ 73 ] successfully induced immune response through mitochondria- targeted 
biodegradable polymeric nanoparticle containing zinc phthalocyanine (ZnPc) 
(photosensitizer). 

 Multifunctional nanoparticles are investigated to provide a promising 
method for mitochondria-targeted cancer treatment. Several multifunctional mito-
chondrial nanoparticles have been effectively used for cancer therapy. For example, 

  Fig 7.5    Dose-dependent cytotoxicity of dendrimers against NIH-3T3 cells at 24 and 48 h. Data 
are expressed as mean SD of three experiments carried out in triplicate. Difference between G(5)-D 
and G(5)-D-Ac/G (acylated dendrimer) (5)-D-Ac-TPP (TPP-anchored dendrimer) were analysed. 
(Reproduced with permission from Biswas et al. [ 26 ,  47 ])       
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mitochondrial photo damage upon photo-irradiation by dendrimer phthalocyanine- 
encapsulated polymeric micelles and αvβ3 integrin-targeting by ligand conjugated 
doxorubicin (DOX)-micelles can increase DOX mitochondrial accumulation [ 74 ]. 
Biswas et al. [ 26 ,  47 ] conjugated mitochondriotropic ligand triphenylphosphonium 
(TPP) on the surface of the poly(amidoamine) (PAMAM) dendrimer. The newly 
developed TPP-anchored dendrimer (G(5)-D-Ac-TPP) was effi ciently taken up by 
the cells and demonstrated good mitochondrial targeting. In vitro cytotoxicity 
experiments carried out on normal mousefi broblast cells (NIH-3T3) showed greater 
cell viability in the presence of the G(5)-D-Ac-TPP compared to the parent unmodi-
fi ed G(5)-D. To assess the effect of surface modifi cation on the cytotoxicity, a dose 
dependent cell viability experiment with all three dendrimers was performed in nor-
mal mousefi broblast cell line (NIH-3T3) at 24 and 48 h incubation periods. The results 
demonstrated that the modifi ed dendrimers were signifi cantly less toxic than the 
starting material G(5)-D (Fig.  7.5 ).  

7.8.7     Metal Nanoparticles 

 Mitochondrial targeting can be successfully executed by nanoparticles prepared 
from metal elements including gold, platinum and titanium dioxide. They have dis-
tinctive properties including smaller size (<10 nm), antioxidant capabilities, and 
ease of attachment of targeting ligands. Bimetallic nanoparticles may act as the 
delivery vehicle and therapeutic agent and are also capable of acting as antioxidant 
species. Conjugation of targeting ligands (peptides, proteins or nucleic acids) to 
these bimetallic nanoparticles may be a useful approach to target the mitochondria. 
However, the cellular toxicity of these nanoparticles is yet to be tested. Different 
types of metal nanoparticles are discussed below. Gold nanoparticles have been 
prepared with various sizes from <10 nm to approximately 100 nm [ 75 ]. Surface of 
the gold nanoparticles generate a magnetic fi eld upon laser irradiation due to plas-
mon resonance. Altering this surface of the nanoparticle with proteins or DNA alters 
their surface plasmon resonance properties. This property has been used in develop-
ment of novel functional drug delivery systems, diagnostic systems [ 76 ], sensitive 
biosensors for determination of protein–ligand binding reactions, biosensing assays 
[ 77 ]) and micro-electromechanical systems. Only very few studies allude to the 
potential application of these devices as novel mitochondrial targeting systems. 

 Gold nanoparticles are known to have detrimental effects on the mitochondrial as 
they are found to disrupt the integrity of the outer mitochondrial membrane and 
release of cytochrome c from the mitochondrial electron transport chain, which is 
known to cause cell death [ 22 ]. It is reported that gold nanoparticles of 3 nm could 
permeate the outer mitochondrial membrane of heart mitochondria whereas 
nanoparticles of 6 nm were not able to permeate. Therefore, the delivery of gold 
nanoparticles is size dependent whereby particles smaller than or equal to 3 nm are 
capable of crossing the outer mitochondria membrane. It was found that nanopar-
ticles entry into the mitochondrial is dependent on VDAC as the entry is inhibited 
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by VDAC inhibitors. This pathway is of therapeutic value as it is involved in cellular 
apoptosis as well. Surface charge and nanoparticle concentration are important 
determinants other than size as they govern cellular toxicity [ 78 ]. Further, toxicity 
was characterized by lysis of anionic 1-stearoyl-2-oleoylphosphatidylcholine 
(SOPC)/stearoyl-oleoyl-phosphatidylserine (SOPS) liposomes and neutral SOPC 
liposomes. Cationic gold nanoparticles lysed tenfold more anionic liposomes (about 
20 %) than anionic gold nanoparticles (about 2 %) in 5 min. Lysis of neutral lipo-
somes (about 15 %) was nearly the same as for anionic and cationic gold nanopar-
ticles at 5 min; however, anionic gold nanoparticles lysed neutral liposomes more 
(about 5 %) compared to anionic liposomes (about 2 %) at 5 min. In addition to the 
diameter of the gold nanoparticles, the charge of the nanoparticle and concentration 
also contribute to cellular toxicity. Although gold nanoparticles exhibit toxicity, 
they also exhibit therapeutic effects. 

 Surface modifi ed chitosan functionalized gold nanoparticles were found to be 
more profi cient at eliminating ROS in an H 2 O 2 /FeSO 4  system than ascorbic acid 
[ 79 ], and the antioxidant activity was further augmented with an increase in chito-
san concentration. However, the activity was independent of size of gold nanopar-
ticles. Although the results suggest that chitosan may be responsible for the 
antioxidant activity when complexed with gold, chitosan has no known antioxidant 
effects and may exhibit cytotoxicity [ 80 ]. 

 Gold nanoparticles functionalized with polyamidoamine (PAMAM) dendrimers 
are capable of acting as antioxidants by reducing ROS to water and oxygen [ 81 ]. 
PAMAM dendrimer functionalized gold nanoparticles were fabricated by reducing 
the HAuCl 4 –dendrimer mixture with NaBH 4  under stirring for 30 min. The gold 
nanoparticle may contribute to the antioxidant effects of dendrimer functionalized 
gold nanoparticles as PAMAM dendrimer alone was not capable of eliminating free 
hydroxyls. PAMAM functionalized gold nanoparticles with terminal carboxyl 
groups had a rate constant 85 times faster than ascorbic acid. The dendrimer func-
tionalized gold nanoparticles showed smaller size than chitosan-gold nanoparticles 
hence may be more capable than the chitosan-gold nanoparticles. They also have 
slightly higher effi ciency at eliminating ROS. The gold nanoparticles can be used to 
functionalize and provide for mitochondrial targeting of the dendrimer along with 
the drug content. 

 A study demonstrated preferentially induced cell death in cancer cells, but not in 
normal cells by gold nanorods functionalized with CTAB (cetyltrimethylammo-
nium bromide, a cationic lipophilic molecule). They accumulated in the mitochon-
dria of cancer cells, but not in the mitochondria of normal cells [ 49 ,  50 ]. CTAB is 
known to induce toxicity and may be partially responsible for cell death induced by 
CTAB functionalized gold nanorods [ 82 ]. Preferential uptake of cationic CTAB 
functionalized gold nanorods may be attributed to the extremely negative mem-
brane potential across the inner mitochondrial membrane. Mitochondrial membrane 
potential disruption induced cancer cell death as determined by formation of ROS 
by fl ow cytometry and a JC-1 dye assay. Cancer cells had signifi cantly higher levels 
of ROS than non-cancerous cells with gold nanorods. Gold nanoparticles conju-
gated to TPP are under investigation for their possible benefi ts as targeted delivery 
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option. Further, these studies demonstrate that surface modifi cation of gold 
nanoparticles enhances mitochondrial delivery. Gold nanoparticles elicit anticancer 
therapeutic effect in the absence of drug. Gold nanoparticles have the ability to act 
as drug carrier as well as an antioxidant, which make them an attractive nanoparticle 
for mitochondrial delivery. 

 Titanium dioxide particles have been also investigated as targeted nano- 
therapeutics to enter the mitochondria for gene regulation control [ 25 ]. Surface of 
the nanoparticle modifi ed with mitochondrial-specifi c oligonucleotides exhibit their 
mitochondrial specifi city. It is reported that the dopamine complex with TiO 2  
nanoparticles is much more stable than the glycidyl isopropyl ether coating, which 
is also stable in the presence of sunlight. Intense red color was generated due to the 
charge transfer between dopamine and TiO 2  that confi rms the conjugation of the 
dopamine labeled oligonucleotide to the nanoparticle. Oligonucleotide functional-
ized TiO 2  nanoparticles were applied to MCF-7/WS8 breast cancer cells and were 
subjected to electroporation as a transfection tool. TEM images revealed the accu-
mulation of nanoparticles within the mitochondria of the cell. The authors also 
confi rmed mitochondrial targeting in a rat pheochromocytoma cell (PC12) line. 
These results demonstrated that mitochondrial intracellular targeting is possible 
with nanoparticles coated with oligonucleotides specifi c to the mitochondrial 
DNA. Interestingly, targeted mitochondria delivery is achieved by non- functionalized 
titanium dioxide particles of 5–23 nm with minimal nuclear delivery [ 83 ]. However, 
the mechanism by which the oligonucleotide conjugated nanoparticle is endocy-
tosed and reached the mitochondria is not clear. Since larger titanium dioxide 
 particles (5,000 nm) were unable to enter mitochondria, mitochondrial delivery 
appears to be affected by nanoparticle size and probably also by nanoparticle mate-
rials since titanium dioxide can enter mitochondria even without functionalization. 
An important consideration in drug delivery using metallic nanoparticle is toxicity. 
Tests should be included in early stages of nanoparticle development in appropriate 
conditions (buffer, pH, temperature) to ensure higher rates of success in in vivo 
models with no toxicity. Similarly, platinum nanoparticles also exhibit unique anti-
oxidant properties [ 84 ] but safety of the particles has not been confi rmed [ 85 ] in cell 
free and cell based assays. Platinum nanoparticles are of approximately 20–30 nm 
and of varying shapes (nanofl owers, spheres, and multipods). The studies confi rm 
that platinum nanoparticles of various shapes do not exhibit cytotoxicity as they 
do not produce ROS in a cell free system or infl ammatory responses (interleukin-6, 
and tumor necrosis factor-α) in a human umbilical vein endothelial cell (HUVEC) 
system up to 50 μg of platinum nanoparticles. They have been known for their anti-
oxidant properties and potential mitochondria therapeutic effects. Hikosaka et al. 
demonstrated that platinum particles functionalized with pectin were capable of 
oxidizing NADH to NAD +  [ 86 ]. This property may be used to normalize the redox 
potential by regenerating NAD +  species for glycolysis and other cellular pathways 
to function properly. It is also demonstrated that platinum nanoparticles (with a size 
of 5 nm) are capable of quenching superoxide anion radical (O 2− ) and hydrogen 
peroxide (H 2 O 2 ) [ 87 ]. They may mimic the functions of complex I since pectin 
functionalized platinum nanoparticles oxidize NADH to NAD +  and reduce ubiquinone 
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(CoQ) to ubiquinol (CoQH2). These nanoparticles have unique therapeutic benefi ts 
in diseases with complex I defi ciencies such as Alzheimer's disease. Moreover, 
polyacrylic acid (PAA) protected platinum nanoparticles of approximately 2 nm are 
also capable of acting as antioxidants in vitro. 

 The polyacrylic acid (PAA) coated platinum nanoparticles scavenge the superoxide 
anion radicals in a dose dependent manner. Since PAA alone was not capable of 
scavenging the radicals, the platinum could be responsible for the antioxidant activity. 
In a pulmonary infl ammation model, antioxidant properties were demonstrated by 
platinum nanoparticles in vitro as well as in vivo. PAA coated platinum nanoparti-
cles can effectively scavenge ROS and may be more effective than available current 
antioxidant treatments. It has been reported that zinc oxide (ZnO) nanoparticles lead 
to the alteration of the electron transport chain, triggering the apoptotic pathways 
of the cell and induce mitochondrial cytotoxicity in human colon carcinoma LoVo 
cells [ 88 ].   

7.9     Conclusion 

 Mitochondria play a crucial role in various metabolic processes of the cell and mito-
chondrial dysfunction is related to several diseases. The mitochondrion is a novel 
intracellular target involved in the pathology of many degenerative and metabolic 
diseases. Although mitochondria appeared to be a potential target for many dis-
eases, the knowledge about functional characteristics in relation to diseases and 
drug delivery into the mitochondria is still in its infancy. This is certainly due to the 
barriers that have to be circumvented to achieve a selective targeting and accumula-
tion in mitochondria. Even though several approaches to mitochondrial drug deliv-
ery have already been accomplished, there is still a demand for more selective 
targeting strategies with improved drug effi ciency and the therapeutic outcome in 
various diseases. Currently, the relationships between mitochondrial dysfunction and 
related disease are being investigated and established. Pharmaceutical nanocarriers 
offer great promise for site specifi c mitochondrion delivery. However, the develop-
ment of these multifunctional nanoparticles for clinical applications has proven to be 
challenging and they are still at an early stage.     
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