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a b s t r a c t

Well-developed mitochondria-targeted nanocarriers for function regulation are highly desirable. Numer-

ous studies have been conducted on the treatment of mitochondria-related diseases; however, further

improvements are required to develop more effective drug delivery methods. Herein, we comprehen-

sively introduce recent developments progress in rational design of mitochondria-targeted nanocarriers,

and discuss the different strategies of available nanocarriers for targeting mitochondria. We also highlight

the advantages and disadvantages of various carrier systems that are currently in use. Finally, perspec-

tive on new generation for mitochondria-targeted delivery systems in the emerging area of drug-based

therapeutics is also discussed.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The mitochondrion is one of the most well studied organelles.

It is a double-membrane-bound organelle that is possessed in al-

most all eukaryotic cells and consist of four parts, namely the mi-

tochondrial outer membrane, inner membrane, interstitial mem-

brane, and mitochondrial matrix. The inner membrane of mito-

chondria folds inwards to form mitochondrial crest, which is re-

sponsible for many biochemical reactions [1]. Mitochondria are

small but extremely powerful, which is the main production site

of oxidative phosphorylation and synthesis of adenosine triphos-

phate (ATP) in cells, providing energy for cell life activities, known

as the factory of capacity. Mitochondrial activity is essential for all

mammalian tissues and for most cell types (excluding red blood

cells) [1,2]. In addition to supplying energy to cells, mitochondria

are involved in processes such as cell differentiation, cell messag-

ing and apoptosis, and have the ability to regulate cell growth and

cell cycle [3]. Mitochondria also play a central role in intermedi-

ate metabolism, synthesis of key iron-sulfur cluster enzymes, cel-

lular calcium homeostasis, and cell death through apoptosis. In ad-
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dition to water, mitochondria are composed of nucleic acids, pro-

teins and lipids, which play an important role in cells. The dis-

order of genetic factors controlling mitochondrial gene replica-

tion and transcription can lead to the generation of disease fac-

tors or even death of the body [4,5]. If the mitochondrial elec-

tron transport chain does not capture electrons correctly, the es-

caped electrons will combine with oxygen molecules to generate

superoxide free radicals, which can easily destroy the mitochon-

drial DNA (mtDNA) bases and cause mtDNA mutations, and then

accumulate some aging or disease factors of cells, such as dia-

betes, heart disease, arthritis [6–9]. In addition, these superoxide

radicals activate inflammation, causing damage to other tissues in

the body [10–15]. Differences between the mitochondria in nor-

mal cells and cancer cells include a number of functional changes,

such as mtDNA mutations that cause oxidative phosphorylation in-

hibition, nutrient hypoxia or depletion. Specially, changes in mi-

tochondrial metabolism in cancer cells are conducive for selective

targeted treatment of mitochondria. These treatments are mainly

aimed at the specific characteristics of the mitochondria found in

cancer cells. Therapeutic drugs that specifically target mitochon-

dria are an effective treatment method for diseases. For this reason,

engineered therapeutics targeting the mitochondria are viewed as

potential disease treatment strategies.

Therefore, mitochondria play an important role in cell growth

and development. Differences in mitochondria between normal

and abnormal cells include many functional changes. The change of
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mitochondrial metabolism is conducive to selective targeted ther-

apy of mitochondria. In recent years, many therapeutic drugs and

targeting systems for mitochondrial diseases have been developed,

making important contributions to clinical research on the diag-

nosis and treatment of mitochondrial diseases. Herein, we provide

a comprehensive review of recent advances in the rational design

of mitochondrial targeting nanocarriers and discuss the different

strategies available for mitochondrial targeting nanocarriers. We

also highlight the advantages and disadvantages of the various car-

rier systems currently in use. Finally, the application prospect of

a new generation of mitochondrial targeted drug delivery system

in the field of drug therapy is prospected. We hope that this re-

view will offer a comprehensive understanding of the importance

of mitochondrial targeting drug delivery systems and facilitate the

development of more effective mitochondrial targeting systems.

2. Current therapeutic drugs for mitochondrial diseases

Current therapeutic drugs for mitochondrial diseases include

active proteins, genes, and small-molecule drugs, etc. Protein- and

peptide-based drugs usually have specific three-dimensional struc-

tures and sites of action, which can exert specific therapeutic ef-

fects in the body. Proteins are suitable for use as a sustainable

controlled release formulation [16]. The advantages of sustained-

release protein delivery formulations include its suitability for

long-term treatment, use for local delivery, fewer side effects, less

doses than traditional drugs, reduced dosing frequency, and im-

proved patient compliance. They have better clinical effectiveness

and safety compared to traditional drugs. However, when these

drugs enter the body, most of them have problems such as poor

stability, poor circulation, low bioavailability, short half-life in vivo,

and easy to be degraded by enzymes in the body. In particular,

protein and peptide drugs that are employed to treat chronic dis-

eases often require long-term and frequent injections, which not

only result in low treatment efficiency, but may cause other ad-

verse reactions. Therefore, the pharmaceutical industry continues

to carry out research to improve the performance of protein and

peptide drugs, such as the modification of hydrophilic polymers

on proteins to enhance the water solubility of protein drugs, which

provides the basis for the application of most protein drugs in vivo.

The modified protein drug has increased molecular weight and

avoids glomerular filtration. Meanwhile, the hydrophilic polymer

blocks reticulo-eneophagocytic system (RES), which exists widely

in liver, spleen and lymph nodes, and provides a good protec-

tion for the protein drug. The protective effect of hydrophilic poly-

mers also prevents the degradation of enzymes in the body. What

is more, the chemical bonds between the drug and the poly-

mer slowly hydrolyze over time, which facilitates the release of

the protein drug [16–18]. The ideal protein delivery formulation

should have the function of controlled release, maintain the ther-

apeutic level and ensure the stability of the encapsulated protein

during the prolonged drug action time. The components of the

delivery system must be biodegradable and biocompatible, non-

immunogenic, and non-toxic. At the same time, the structure and

activity of the protein drug must not be changed during the prepa-

ration of the delivery system, and the protein must assume an

active conformation after being released in the body. On top of

all these factors, the preparation method for protein intracellular

delivery should have scalability, durability and reproducibility. In

fact, the use of carriers to deliver encapsulated proteins to tar-

get organelles such as mitochondria is one of the current research

hotspots.

Another therapeutic for mitochondrial diseases is gene-based

drugs. Gene-based therapies can effectively regulate both coding

and non-coding target genes with high specificity, and have broad

application prospects in the treatment of various human diseases

[19–21]. Biotech and pharmaceutical companies are working hard

to develop many gene therapy drugs. Gene therapy drugs are also

biomedical products that are administered in the form of nu-

cleic acids, viruses, genetically engineered microorganisms, or lipid

complexes to achieve preventive, diagnostic and therapeutic effects

[22]. The approach of gene therapy represents the latest advance

in the revolution in biomedical technology. In the past half cen-

tury, gene therapy has rapidly absorbed almost all the advanced

biotechnology, and many promising human gene therapy drugs

have been developed. Since the end of the last century, a variety

of gene therapy drugs, including cell-mediated gene therapy prod-

ucts, viral vectors, non-viral vectors and naked nucleic acids, have

been approved by the US Food and Drug Administration (FDA) for

the treatment of human diseases [22]. One current approach for

gene therapy involves cloning DNA sequences that encode genes

associated with mitochondrial-targeting signals. The resulting re-

combinant genes are expressed as proteins once they are deliv-

ered to the cell. Thereafter, the protein is directed to mitochon-

drion by the mitochondrial targeting signal (MTS). The MTS en-

ters cells through mitochondrial import mechanisms [23–27]. The

advantages of combining gene therapy vectors with encoded MTS

include not only the ease of cloning of recombinant DNA, but

also the advantage that these constructs can be prepared with-

out chemical modifications. Although the prospect of gene drugs

is promising, there are still many problems should be solved, such

as safety, transmissibility, selectivity, stability, immunity. Therefore,

the development of the nucleic acid drugs and their safe and effi-

cient delivery system are the key challenges in the clinical applica-

tion of gene therapy.

In the last few years, several new candidate drugs have been

assessed and developed for various diseases. Among them, the

structure of small-molecule drugs has good spatial dispersion, and

its chemical properties determine its good drug-making properties

and pharmacokinetic properties. These characteristics make small

molecule drugs show great advantages in the drug development

process and other drug fields, and the research and development

of small molecule drugs is increasingly favored by the market.

Meanwhile, small-molecule compounds derived from natural

products have been demonstrated to display good preventive and

treatment effects due to their antioxidant, anti-inflammatory, and

neuroprotective functions [28,29]. However, small molecule drugs,

especially anti-tumor drugs, often have problems such as off tar-

get, low solubility, high toxicity, rapid excretion or unstable bio-

logical distribution. At the same time, most natural small molecule

drugs have inherent disadvantages such as short half-life, poor sta-

bility in vivo, easy to be cleared, which make it difficult for small

molecule drugs to accumulate effectively at the target site [28–

30]. At present, researchers use nanoparticles as drug delivery car-

riers, which can effectively improve the water solubility of small

molecule drugs, thereby reducing the drug dose and cytotoxicity.

The drug can be delivered to the lesion to improve the efficacy. It

also plays an important role in reducing clearance and increasing

drug retention time in the body [31].

Actually, by targeting mitochondria delivery, some of disadvan-

tages for the therapeutic drugs have been solved recently. Un-

til now, their application in various targeted therapies, such as

targeted therapies for cancer, neurodegenerative diseases, autoim-

mune diseases, and several other diseases, has been reported

[32,33]. The development of mitochondria-targeted drug therapy

in the pharmaceutical industry is growing. In subsequent sections,

we introduce of mitochondria-targeted moieties and present deliv-

ery strategies for achieving targeted delivery to the mitochondria,

with focusing on rationally designed routes, related mechanisms,

and the potential therapeutics.
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Fig. 1. The three kinds of mitochondria-targeted moieties designed for enhancing the mitochondrial uptake.

3. Mitochondria-targeted moieties

Since mitochondria are considered as emerging pharmacologi-

cal targets, there are currently several targeted therapeutic strate-

gies for mitochondria-related diseases. Based on the characteris-

tics of the mitochondrial membrane, numerous of mitochondria-

targeted moieties have been developed for enhancing the mito-

chondrial uptake (Fig. 1) [34–55].

3.1. Small molecule moieties

Drugs that regulate mitochondrial function to achieve certain

diagnostic or therapeutic effects can be used for mitochondrial tar-

geting, but a series of problems such as the feasibility of drug de-

livery, drug toxicity and biocompatibility need to be considered.

In order to solve the above problem, designing a series of mito-

chondrial targeted nanocarriers based on small molecule moieties

is developed by using the high negative potential of the properties

in the mitochondria membrane. The negative potential of plasma

membrane size is only 30–40 mV, while mitochondrial membrane

negative potential can reach 120–180 mV, significantly less than

the plasma membrane potential, making the Coulomb force be-

tween the positively charged compounds and mitochondrial mem-

brane greater than that of other negatively charged membrane.

They are more likely to accumulate in the mitochondria. For ex-

ample, the enrichment amount or concentration of triphenylphos-

phine (TPP) cationic compounds in mitochondria is 20-300 times

higher than that in plasma membrane, achieving highly specific

targeting of mitochondria [7,34]. However, some lipophilic cations

have phototoxicity and poor water solubility, leading to poor cir-

culation in vivo and reducing their efficacy. The mitochondrial tar-

geting section of the widely studied TPP ion derivative takes ad-

vantage of its strong lipophilicity and the properties of delocalized

cationic to target inner mitochondrial membrane (IMM). The neg-

ative membrane potential of IMM is the key to driving lipophilic

cations to target mitochondria. Therefore, in addition to TPP cation

derivatives, aromatic heterocyclic cation derivatives such as pyri-

dine cation and quinoline also have mitochondrial targeting ability

[47,53]. Dequalinium (DQA) is a small positively charged molecule

containing two cationic amino quinoline rings, which are attracted

to the IMM through electrostatic interaction and selectively ac-

cumulate in the mitochondria-cartilage matrix [47]. Under phys-

iological conditions, guanidine or bisguanidine are strong bases

(pKa ∼13) with a positive charge delocalization. When guanidine

or bisguanidine groups are partially coupled to the target phar-

macokinetic molecule as mitochondrial targets, a delocalized posi-

tive charge is introduced to increase lipophilicity, thus concentrat-

ing the target molecule in the IMM [48,49]. Rhodamine contains

three benzene rings in the form of spironolactone in a nonpolar

solvent [50]. In a polar solution, it changes from the lactone form

to a zwitter ion and exists in the form of ammonium cation in the

ring-open state. Due to the negative potential of IMM, rhodamine

is able to specifically target mitochondria in the form of am-

monium cations. Tetramethylrhodamine-5-isothiocyanate (TRITC) is

another hydrophilic derivative of rhodamine which is often used as

a fluorescent probe to target mitochondria [51,52]. Based on the

lipophilic and cationic properties, pyridine salts structures show

the ability to target mitochondria [53]. Berberine (BBR), an iso-

quinoline alkaloid, has many outstanding pharmacological effects.

Because anthocyanin dyes are cationic and lipophilic, they can ac-

cumulate in the mitochondria as well [40,41]. Herein, the cur-

rently reported small molecule moieties are summarized in Table
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S1 (Supporting information). According to the properties of mito-

chondrial membrane, we believe more and more small molecules

moieties will be designed for mitochondrial targeting.

3.2. Peptide/protein moieties

As summarized in Table S2 (Supporting information), an-

other strategy for targeting mitochondrial involves using pep-

tides/proteins moieties, which have specific physical and chemi-

cal properties. Similar to lipophile cations, mitochondria-targeted

peptides (MTP) is an effective alternative to lipophile cations and

can target bioactive substances to the mitochondria. The synthetic

MTP contains hydrophobic amino acids (tyrosine, phenylalanine,

and isoleucine) which can penetrate the lipid membrane and pos-

itively charged amino acids (lysine and arginine) by binding to the

negatively charged mitochondrial membrane through electrostatic

interactions [53–55]. Currently, most synthetic MTP structures con-

tain positively charged amino acids (arginine and lysine) in or-

der to concentrate on the negatively charged IMMs. The MTPs are

firstly recognized by the outer mitochondrial membrane (OMM)

once they attach to the pharmacophore. They then enter the mito-

chondrial matrix via OMM, thereby achieving mitochondrial target-

ing capabilities. At present, the most commonly used MTP mainly

include pro-apoptotic peptide (KLAKLAK)2, biologically active pep-

tide sequence (rFxrFxrFxr), and the trans-activating transcriptional

activator (TAT). (KLAKLAK)2 is a kind of cationic amphiphilic pep-

tides which have α-helix configuration [53]. It has been reported

that KLA is a pro-apoptotic peptide, which can enrich mitochon-

dria, destroy the negatively charged mitochondrial membrane and

induce cell apoptosis. The bioactive peptide sequence rFxrFxrFxr

possesses d-arginine and mitochondrial targeting ability [56]. The

arginine-rich cell-penetrating peptide, TAT (YGRKKRRQRRR) acts as

a mitochondrial targeting element that targets molecules and lo-

calizes in mitochondria [57–63]. Another mitochondrial penetrat-

ing peptide, namely mitochondrial localization sequences (MLSs),

usually consists of 20–30 amino acids (detailed sequences in Ta-

ble S2) [64–81]. MLSs can be recognized by mitochondrial surface

receptors, and the targeting sequences are variable in length and

amino acid sequence. Their main characteristics are the presence of

positively charged residues, the lack of acidic residues, and the for-

mation of amphiphilic secondary structure. Mitochondrial targeted

receptor proteins form a protein family, including the translocases

of outer membrane (TOM) and the translocases of inner membrane

(TIM) [53,63]. Protein targeting sequence has good biocompatibil-

ity, but false positive may occur, which may target to other loca-

tions other than mitochondria, resulting in false positive signals.

The protein sequence is eliminated too quickly in the body to be

effective. To solve this problem, some positively charged amino

acids can be linked to targeted protein sequences to increase the

efficiency of mitochondrial targeting.

3.3. Other moieties

Amphiphilic modifications are often carried out on nanoparti-

cles to make it easier for lipophilic substances to pass through the

lipid components of mitochondrial membrane. Amphiphilic poly-

mers provide chemically reactive groups for post-modification of

polymer nanomaterials with targeting ligands (such as antibodies

and peptides) to specifically target cell sites (such as membrane re-

ceptors and organelles) [82]. Chitosan and chitosan-based nanopar-

ticles, which are examples of polymers, have a number of unique

properties, including low toxicity, biocompatibility, biodegradabil-

ity, and the capacity for mucoadhesion. Chitosan is a positively-

charged polycationic biological macromolecule that can be de-

veloped as mitochondrial drug delivery systems for mitochondria

[9,83,84].

In addition to polymers moieties, there are other types of tar-

geted modification groups, such as aptamers, transition metal com-

plexes, which are summarized in Table S3 (Supporting informa-

tion). Aptamer, which is a single-stranded DNA or RNA (ssDNA or

ssRNA), has a unique tertiary structure that can specifically bind

to homologous molecular targets. Aptamers are usually screened

through systematic evolution of ligands by exponential enrich-

ment [85,86], targeting from small molecules [87,88] to biomacro-

molecules [86,89–94], infected cells, stem cells, and tumor tissues

[95–104]. Aptamers can be used as therapeutics by themselves.

They have been extensively studied as targeting ligands such as

for mitochondria. The programmability of aptamers and the ease

of synthesis and modification allow them to be universally used as

targeted ligands for drug delivery [105–108]. Previous studies have

reported that many Ir(III) complexes have a positive charge and

can specifically target mitochondria without modification of the

mitochondrial-targeting units [39]. In addition, some natural sub-

stances or designed molecular substances can interact with the mi-

tochondrial respiratory chain complex to generate a large number

of reactive oxygen species (ROS) and oxidized endogenous pyridine

nucleotides, triggering the opening of mitochondrial permeability

pores (MPTP). Glycyrrhizic acid (GA), an extract from licorice, is a

mitochondrial targeting ligand with a near-neutral charge [28]. GA

can interact with the mitochondrial respiratory chain complex to

produce large amounts of hydrogen peroxide and oxidize endoge-

nous pyridine nucleotides, triggering MPTP to open. The drug then

moves inside the mitochondria to react. Kong’s group found hyper-

icin (HY) is an effective ligand to target mitochondria [29]. Under

laser irradiation, HY interacts with mitochondrial respiratory chain

to produce singlet oxygen. The generated singlet oxygen then ox-

idizes critical thiol groups and endogenous pyridine nucleotides,

resulting in the opening of mitochondrial permeability transition

pores, then the drug goes into the mitochondria, which is a com-

mon mechanism of action for various mitochondrial-targeting lig-

ands [109,110].

4. Nanoparticle-mediated delivery systems

A wide array of nanocarriers have been identified as promis-

ing strategies for organelle-targeted delivery. In these strategies,

the delivery systems could be engineered with various ligands

for targeting to the desired subcellular compartments like cy-

tosol, nucleus and mitochondria [111–118]. Moreover, recent stud-

ies have reported that engineered nanocarriers can be combined

with integration of stimuli triggers to allow for drug delivery

with both dosage-dependent and spatiotemporal-controlled man-

ners possible, facilitating release of drug with desirable pharma-

cokinetics [119]. Until now, numerous synthetic nanosystems have

been designed and developed for mitochondria-targeted drug de-

livery [120–124].

4.1. Liposome

Due to their relative safety and simplicity, lipid-based nanopar-

ticles have been widely used in systemic delivery nanocarriers.

The liposome carrier can transport water-soluble drugs in its core

or fat-soluble compounds in its outer membrane layer. Compared

with chemically-modified drugs, this delivery method encapsu-

lates active molecules without altering their molecular structure,

thereby maintaining the pharmacy dynamic characteristics of the

drug. This type of delivery system protects the loaded drug from

biodegradation or chemical degradation in the blood, and releases

drugs at the target site in a suitable manner [125]. In current

clinical trials with mice and humans, liposome drug delivery sys-

tems have been used for targeted delivery of a variety of anti-

cancer drugs, including biomacromolecules and hydrophobic drugs
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Fig. 2. (A) Mechanism of the transport of macromolecules to the mitochondria using MITO-Porter. (B) R8-LPS (a fusion lipid commonly used for drug delivery) composed

of DOPE (R8DOP-LPS) shows higher fusion activity than R8-LPS (R8-EPC-LPS) composed of egg yolk phosphatidyl choline. (C) The purified GFP was incubated with the IMS

portion or IB portion, and Western blotting showed that the molecular weight of GFP was 28 kDa when incubated in IMS, but remained intact when incubated in IB, thus

proving that Mito-Porter delivered GFP to IMS via OM. Reproduced with permission [137]. Copyright 2018, Elsevier.

[62,125–147]. Some liposomes, such as liposomal adriamycin and

liposomal paclitaxel have been approved by FDA and are widely

used in the treatment of metastatic ovarian cancer, breast cancer.

This delivery system also significantly reduces toxicity of the drugs

in the patient’s heart [125,127–139]. To prevent the enrichment of

liposomal nanoparticles in the organism, which makes their degra-

dation difficult, their surface generally modified with a little hy-

drophilic group to improve their biocompatibility. Chemical mod-

ifications on liposome can enable their effective entry into mi-

tochondria. For example, Harashima’s team described a liposome

carrier that delivered a macromolecular cargo to the interior of

the mitochondria via membrane fusion [137]. As shown in Fig. 2,

these liposomes, called MITO-Porters, were modified with octaargi-

nine (R8) moieties on their surfaces as a complete vesicle MITO-

Porter. Amino acid polymers and synthetic arginine peptide ana-

logues have been reported to be as the translocation domains to

improve cargo delivery efficiency [140–142]. As shown in Fig. 2A,

MITO-Porter entered the cell through endocytosis, was degraded

by lysosomes, and banded to mitochondria through electrostatic

interaction. The results showed that nanocarriers containing R8

have better fusion efficiency than those without R8, indicating that

the strong electrostatic binding between R8-based liposomes and

mitochondria stimulates. The delivery model of this experiment

was green fluorescent protein, and western blot showed that it

had a good delivery effect. This provides guidance for the mito-

chondria targeted drug delivery of biomacromolecules. The MITO-

Porters can be employed to transport functional nucleic acids, pro-

teins, and small biologically active molecules. Such delivery sys-

tems are very promising as they can transport molecules with dif-

ferent physicochemical characteristics as well as large or small en-

capsulated molecules. Cationic liposomes are considered to be an-

other promising nanocarriers for improving mitochondrial deliv-

ery. For example, Taillandier’s team used trimethyl aminoethane

carbamoyl cholesterol iodide (TMAEC-Chol) and dioleoyl phos-

phatidylethanolamine (DOPE) to create a liposome with clear size

and stability [143]. In order to further transfer the oligonucleotide

into the mitochondrial matrix, the oligonucleotide was linked to

the ornithine transcarbamylase signal peptide, which is recognized

by the mitochondrial protein import mechanism and then enters

the mitochondria. Therefore, suitable cationic liposomes and pep-

tide oligonucleotide conjugates can be used in mitochondrial gene

therapy experiments, which lays a foundation for the treatment

of mtDNA abnormal diseases [144,145]. Deng’s group postulated

that mitochondrial targeting and stimuli-triggered liposome deliv-

ery system could be employed to derive new therapies for deep

tumor treatment [135]. Liposomes were connected to TPP with

verteporfin and gold nanoparticles being encapsulated inside the

liposomes. Low-dose X-rays can trigger verteporfin to produce cy-

totoxic ROS. In this process, porphyrin transferred the absorbed en-

ergy to oxygen to form a highly active single oxygen with a short-

term maintenance time. Single oxygen destroyed various biological

structures within its diffusion range. This process leaded to local

vascular atresia, cell destruction, and cell death under certain cir-

cumstances. Co-encapsulation of gold nanoparticles (10 nm) in the

central core of liposomes can increase the production of ROS for

deep tumor treatment.

In conclusion, lipid-based nanoparticle delivery systems for mi-

tochondria have been extremely studied owing to their promising

features. However, some limitations, such as the high cost of raw

material, easy accumulation in the phagocytes are still the main

issues for this strategy [146,147]. Thus, other alternative materials

are needed for specific disease, as well as offer unique advantages.

4.2. Polymer nanosystem

Owing to their simple preparation method and easy modifi-

cation, high-molecular-weight, diverse polymeric delivery systems

have been extensively used for drug delivery and achieved excel-

lent performance. Especially, through modifying with mitochon-

dria targeted moieties, the polymer-based nanocarriers such as

polyethylene glycol (PEG), polycaprolactone (PCL), and chitosan

have been designed for the treatment of mitochondria related dis-

ease [9,67,148–181]. For example, Du’s group reported an innova-

tive mitochondria targeted prodrug nanocarrier characterized by

pH-triggered and aggregation-induced emission (AIE) properties

(Fig. 3) [154]. In this work, the nanocarrier was constructed by

surface-modification of the TPP group with polyurethane (PU). Co-

localization studies of mitochondrial pairs showed that this modifi-

cation can improve the targeting of organelles. A zwitterionic shell

was then attached, which can prolong the blood circulation and ac-

cumulate at the tumor site. The ketal bond of the nanomicelles en-

abled controlled release of therapeutically significant molecules. In

addition, the addition of luminogen tetraphenylethene (TPE) based

on AIE was allowed to realize labelling and monitoring of the mi-

tochondria of living cells in real time. The model drug cinnamalde-

hyde induced ROS production in tumor cells to promote oxidative

stress and activate apoptosis pathways. Moreover, this nanocarrier

has been proven to have many advantages in cell imaging, includ-
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Fig. 3. (A) Mechanism of the pH-triggered prodrug. (B) In order to observe the

AIE properties of nanocarriers, the fluorescence changes of prodrug polymer in

DMSO/water system were studied. The experiment showed that the fluorescence

gradually increased with the increase of water content, indicating the desire to be

aggregates. (C) The results of experiment results proved that the pH-responsive

drugs of TPE-CB-CA-TPP were beneficial to the effective release of intracellular

drugs. Reproduced with permission [154]. Copyright 2019, The Royal Society of

Chemistry.

ing good AIE properties, anti-photo-bleaching and low cytotoxic-

ity, which provide a feasible strategy for simultaneous cancer di-

agnosis and treatment. In summary, this prodrug nanocarrier not

only has mitochondrial targeting function but also can kill cancer

cells and monitor the process of apoptosis in real time. Meantime,

Chen’s team created a polymer-based nanoparticle based on TPP-

poly(ethylene glycol)-poly(ε-caprolactone) (TPP-PEG-PCL) polymers

that enhanced mitochondrial targeting with TPP [155]. Gambogic

acid was used as model drug to treat lung cancer. Due to poor

water solubility (∼10 μg/mL) and short half-life (15.7 min), the

low bioavailability of gambogic acid limits its clinical application

[9]. The limitation of gambogic acid was overcome when the poly-

mer nanomicelles were formed. After the gambogic acid was trans-

ferred into mitochondria, it can induce apoptosis of cancer cells

by inhibiting human Bcl-2 family proteins and activating cystease.

Recently, Choi’s team created an amphiphilic polymer nanomicelle

using glycol-chitosan and DQA [9]. In this nanosystem, ethylene

glycol chitosan (GC) was used to enhance in vivo circulation and

DQA served as mitochondrial targeting and wrap around the an-

ticancer drug curcumin for cancer treatment studies. The molec-

ular structure of curcumin has phenolic hydroxyl groups, which

can capture or clear free radicals and have antioxidant effects

[10]. Zhang et al. found that curcumin could inhibit the expres-

sion of COX-2 mRNA and prevent the occurrence of tumor [11].

The defects of fast metabolism and short half-life of curcumin were

ameliorated by targeting mitochondria delivery. The experiment

showed that this nanosystem had the great potential of mitochon-

drial targeted drug delivery for cancer treatment.

Due to the good biodegradability and biocompatibility, numer-

ous polymers, specially the synthetic polymers can be referred

as biomaterials to produce nanoformulations for mitochondria-

targeted delivery. However, owing to the complexity of polymer-

based nanocarriers with multicomponent 3D structures, careful de-

signing and construction are needed to make sure reproducible for-

mulations in the large-scale manufacturing processes [79,181]. Fur-

thermore, the smart polymers with multifunction, multicomponent

and controlled release on demand in mitochondria and high effi-

cient diffusion of therapeutic drugs through a stimulus property of

the disease microenvironment are urgently needed.

4.3. Inorganic nanosystem

With the development of nanotechnology in recent years, in-

organic nanocarriers with unique biological, chemical, and physical

properties have become increasingly prominent in biomedicine. In-

organic nanocarriers are utilized not only as diagnostic reagents,

but also for the prevention and treatment of certain medical con-

ditions such as tumor, cardiovascular diseases and neurodegenera-

tive diseases. Presently, an increasing number of inorganic nano-

medicine carriers have been employed as targeted therapies for

specific tumors. Accordingly, they have gradually become a re-

search focus in the medical field [182–203].

Due to the biocompatibility and tunable pore size, mesoporous

silica nanoparticles (MSNs) have been applied for storage and de-

livery of drugs [199]. Jung’s team firstly conjugated guanidinium

derivative to MSN shell with Fe3O4 core and then coated it with

the anti-tumor drug doxorubicin (DOX) to achieve mitochondrial

targeted tumor therapy [182]. DOX blocks DNA synthesis by in-

serting DNA strands, and its toxicity to topoisomerase also inhibits

DNA synthesis. DNA damage leads to activation of p53 tumor sup-

pressor gene, aggregation of related proteins, and mitochondrial

dysfunction, which are a series of events in the early stage of cell

death. DOX also induces the production of free radicals and accel-

erates the induction of tumor cell death. Jung’s experimental re-

sults showed that the nanosystem could localize in mitochondria

and release DOX on demand, which accelerated the induction of

tumor cell death.

Current methods for mitochondria targeting are feasible for

small-molecule drugs, while many methods are not suitable for

large drugs, such as proteins (including antibodies). The first ex-

ample of using biodegradable silica nanoparticles (BS-NPs) to tar-

get mitochondria for intracellular delivery of native proteins (and

antibodies) was reported by Yao’s team (Fig. 4) [184]. In this work,

the synthesized biosilica nanoparticles were modified with cell-

penetrating poly(disulfide) (CPD) that allowed nanoparticles to en-

ter cells, and TPP drives for targeting mitochondria. In the presence

of glutathione (GSH), CPD was degraded and TPP was exposed, and

then the BS-NPs could enter into the mitochondria for the protein

releasing. The experimental results provided reference for the de-

livery of macromolecules into mitochondria.

Various inorganic nanoparticle-mediated delivery systems have

been studied for mitochondria targeted delivery of drugs. Unlike

the lipid-based nanoparticles, these inorganic nanoparticles are

considered to be easier during manufacturing. The stability of the

inorganic nanoparticles enables them to remain in long-term circu-

lation in the body, however, this also makes them difficulty to be

decomposed and cleared from body, leading to the accumulation

in the liver, lungs and kidney [200]. Therefore, development of the

biodegradable inorganic nanoparticle-based system is an effective

way to solve this issue.

4.4. Peptide/protein system

Due to peptide/protein-based NPs have the advantages of high

bioavailability, good solubility, low toxicity, and good targeting

ability, they have been developed as one of the most promis-

ing nanomaterials. In addition, the peptide-based backbone ex-

hibits the following advantages: easy synthesis, high tunability,

good biocompatibility, and high absorbability in cells or in vivo.

Due to their simple and modular synthesis, peptides that target
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Fig. 4. (A) Preparation and application of cell-permeable CPD-TPP-protein@BS-NP. (B) HeLa cells were incubated with CPD-TPP-RBBSA@BS-NP. The results showed that after

cultured for 24 h, most BS-NPs were located in the mitochondria (white circles denote mitochondria, arrows denote BS-NPS), and degraded after 72 h. (C) To monitor

the release of BSA on the nanocarrier, the supernatant of GSH-treated FLBSA@BS-NPs was collected periodically between 0 and 72 h for fluorescence measurements. The

experiment showed that the nanocarrier encapsulated BSA was successfully released. Reproduced with permission [184]. Copyright 2019, Wiley.

the mitochondria can adapt to different delivery conditions. The

main design features of peptides targeting the mitochondria are

cationic charge and lipophilicity. Cationic charge enables the pep-

tides to fully utilize the negative mitochondrial membrane poten-

tial while lipophilicity enables them to interact well with the hy-

drophobic membrane of the mitochondria. As carriers, peptides

are covalently linked to therapeutic drugs to enhance their drug

value and unravel a pathway for the study of mitochondrial biol-

ogy [31,57,62,151,194,204–215].

Recently, Rapaport’s team synthesized a polypeptide-peptide

nanoparticles (Pop-NPs) with an amphiphilic and cationic β-sheet

peptide (PFK) drive [133,205]. After complexed with siRNAs via

charge interaction, the nanosystem could deliver oligonucleotide

cargos to mitochondria, which provided guidance for the delivery

of nucleic acid drugs.

Protein-based delivery platforms show exciting ways of signifi-

cantly improving therapeutic effect and reducing adverse reactions

in the body [214]. Until now, a number of proteins have been de-

veloped for use substrates in protein-based nanoparticles for drugs

delivery, such as gelatin, albumin, collagen, whey proteins, casein,

gliadin, elastin, silk proteins, soy proteins, and lectins [215]. Lin’s

team discovered a new self-assembled metalloprotein nanoparti-

cle, GST-MT-3 (Fig. 5). Here, metallothionein-3 (MT-3) can regu-

late zinc ion homeostasis and control cell proliferation and dif-

ferentiation by influencing mRNA production [194]. The nanopar-

ticles were linked to mitochondrial transport peptides GST for mi-

tochondrial targeting. After further chelating cobalt ions [GST-MT-

3(Co2+)], this nanosystem could induce ROS production and reduce

the mitochondrial membrane potential. In addition, GST-MT-3 co-

valently bonded to paclitaxel could furhter inhibit tumor growth.

The in cell and in vivo results showed that the nanoparticles could

rapidly assemble in tumors and target mitochondria, inducing ROS

production and tumor cell death through the apoptotic pathway.

Protein-based delivery platforms for targeting mitochondria dis-

play exciting ways to significantly improve drug delivery and ther-

apeutic effects. The efficacy of protein-based nanoparticles can

be increased by combining these nanoparticles with other FDA-

approved treatments. While the progress is still needed to develop

the potential in the improvement and mechanistic understanding,

as well as the feasibility of using protein-based nanoparticles and

their derivative in combination therapy in the clinical field of tu-

mor treatment in vivo.

4.5. Other delivery systems

Apart from the above nanocarriers employed to transport bio-

logically active molecules into the mitochondria, there is increasing

interest in the use of other systems in the delivery of various drugs

into mitochondria [34,46,105,133,146,163,197,216–280]. For exam-

ple, metal-organic frameworks (MOFs) in particular have arisen in

the last years as favorable candidates for nanomedicine applica-

tions, owing to their unique properties [217–223]. To date, a num-

ber of therapeutic drugs have been encapsulated in MOFs, includ-

ing anticancer, antibacterial, and antiviral drugs, as well as nucleic

acids and biological gases [224]. Recently, Jimenez’s group reported

a novel mitochondria-targeted MOF-based nanosystem that greatly
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Fig. 5. (A) Illustration mechanism of the novel GST-MT-3 protein nanoparticle. (B) GST-MT-3(Co2+) was rapidly internalized by HeLa and U87MG cells and localized in

mitochondria. (C) The mitochondrial membrane potential of HeLa cells decreased after treatment with GST-MT-3-CY5.5 analogues for 24 h. Reproduced with permission

[194]. Copyright 2019, Wiley.

Fig. 6. (A) Process schematic of the Hf-DBB-Ru. (B) Representative mitochondria co-localization images of Hf-DBA-R and Hf-DBB-Ru by CLSM. (C) In vivo anti-cancer efficacy

of mitochondria-targeted RDT. Excised tumour weights on day 22. Reproduced with permission [235]. Copyright 2018, Springer Nature.
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increased the efficacy of a model cancer drug [234]. A Zr-MOF

loaded with the cancer drug dichloroacetate (DCA) and conjugated

with TPP for localizing to mitochondria was constructed. Whole

transcriptome analysis of cells indicated wide spread changes in

gene expression and profound effect on cell physiology and that

are related to cell death. They showed that targeting MOFs toward

mitochondria represents a valuable strategy for the development

of new drug delivery systems.

Different from the introduction of mitochondria targeted moi-

eties, Lin’s group has synthesized a nano-MOF for mitochondria-

targeted radiation therapy for tumors [235]. In this work, the MOFs

with surface modification of cationic ruthenium (Ru) can directly

target mitochondria. In this way, targeting delivery with photo-

sensitizers can effectively produce ROS, depolarize mitochondrial

membrane potential, and lead to programmed cell death of tumor

cells (Fig. 6).

In addition, Kubi et al. also presented a class of amphiphilic

cell-penetrating motifs (CPMs). Each of them was composed of

four guanidine groups linked to one or two aromatic hydrophobic

groups (naphthalene), which was used for targeting mitochondria.

They could assemble into nanoparticles via a central scaffold (such

as a benzene ring) [229]. CPM transferred drug geldanamycin into

cells and allowed them to accumulate in the mitochondrial stroma.

The results showed that CPM was metabolically stable and had lit-

tle toxicity to normal cells, and could be used to deliver therapeu-

tic agents into the mitochondrial matrix to treat mitochondrial dis-

eases.

5. Conclusion and prospect

In summary, various nanocarriers have been developed for

mitochondria-target drug delivery and shown great promise for en-

abling the current and next generations of therapeutics. This re-

view described the current progress of research on nanocarriers for

mitochondria-targeted delivery. We herein classify and summarize

the reports according to the type of nanocarriers, which is shown

in Table S4 (Supporting information). The occurrence and develop-

ment of many diseases are caused by mitochondrial dysfunction.

The subcellular targeting strategy could achieve maximum thera-

peutic responsive as well as avoiding cytotoxic side effects of the

drugs. As a result, drug therapies targeting mitochondria are highly

desirable.

To improve drug intracellular delivery and active targeting, es-

pecially for the organelle and subcellular drug targeting, the sur-

face of nanocarriers could be incorporated with receptor targeting

ligands (e.g., TPP, cationic peptides) to specifically bind with a re-

ceptor of the mitochondria membrane. Although multiple basic re-

search studies have been conducted many basic researches on mi-

tochondrial diseases, the design of effective delivery methods need

to be further improved. Many challenges currently remain, such as

the stability and water solubility issues for liposomes, low drug

loading efficacy for the polymeric nanoparticles, and difficulty of

being decomposed and cleared from the liver, lungs and kidneys

for inorganic nanocarriers, etc.

Different types of nanocarriers have been recognized to pos-

sess their own advantages and disadvantages. More mitochondria

targeted moieties and interaction mechanisms should be investi-

gated for continuous improvements of novel nanocarriers in high

efficiency, high drug loading capacity, strong targeting ability, and

low side effects. Future research should also focus on the discov-

ery and design of safer and more efficient mitochondrial-specific

nanomaterials.

In conclusion, we believe the potential for drug delivery using

mitochondria-targeted nanocarriers is tremendous. More and more

novel material or delivery vehicles emerge and others will likely

be uncovered through further scientific research.
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