Chinese Chemical Letters 34 (2023) 107817

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Mitochondria-targeted cancer therapy based on functional peptides ®)

Check for
updates

Yuhan Sun, He Zhang, Guangzhao Lu, Huan Wang, Ying Lu*, Li Fan*

Department of Pharmaceutical Sciences, School of Pharmacy, Naval Medical University, Shanghai 200433, China

ARTICLE INFO ABSTRACT

Article history:

Received 16 June 2022

Revised 7 September 2022
Accepted 9 September 2022
Available online 13 September 2022

Mitochondria are critical for tumor growth and metastasis. A number of traditional antitumor drugs have
poor water solubility and must penetrate multiple cellular barriers to reach the mitochondria. Because
mitochondria have a unique transmembrane potential and an inner membrane with a low permeability, it
is difficult for most drugs to enter mitochondria. In recent years, mitochondria-targeted delivery systems
that use functional peptides to modify drugs have received increasing attention. Introducing functional
peptides can change the original physicochemical properties of drugs and actively target mitochondria.
Functional peptide-drug conjugates (PDCs, peptide-drug conjugates) can decompose and release drugs
over time or due to certain stimuli in tumors. This preserves the biological activity of the drug while
increasing intratumor uptake through the enhanced permeability and retention effect (EPR, the enhanced
permeability and retention effect). In this review, we focus on the direction of cancer therapy and review
the application of different functional peptides in the mitochondria-targeted tumor treatments reported
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in recent years.
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1. Introduction

Mitochondria are subcellular organelles in mammalian cells.
They are the energy pumps for cellular adenosine triphosphate
(ATP, adenosine triphosphate) production, the main sites for reg-
ulating cellular reactive oxygen species (ROS, reactive oxygen
species) and redox homeostasis, as well as the centers of intrinsic
apoptosis control [1,2]. The abnormalities and dysfunctions of mi-
tochondria lead to a variety of health-threatening diseases, ranging
from neurodegenerative diseases [3,4] and cardiovascular diseases
[5] to cancers [6]. Most notably, increasing evidence has revealed
the profound impacts of mitochondria used for energy production
and the biosynthesis of metabolic substrates on cancer growth,
proliferation, metastasis, or recurrence [7-16]. To meet the higher
metabolic demand due to rapidly proliferating tumor cells, dys-
regulated and healthy mitochondria typically exhibit several dif-
ferent structures and functions, such as membrane potential, en-
ergy production pathway, respiratory rate, and gene mutation [17].
These differences between cancerous and normal mitochondria of-
fer possibilities to achieve effective cancer treatments by selec-
tively killing tumor cells [18]. Therefore, intensive research efforts
have been devoted to developing cancer therapies that target mi-
tochondria [6,19,20].
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Since the mitochondrial inner membrane is approximately
—180mV, which indicates a high transmembrane potential [21],
the use of lipophilic or cationic molecules as mitochondrial tar-
geting agents is widespread. Common molecules are lipophilic
cationic triphenylphosphine (TPP, triphenylphosphine) [22], rho-
damine 123 [23], and peptides, such as mitochondrial penetrat-
ing peptide (MPP, mitochondrial penetrating peptide) [24] and SS
(Szeto-Schiller) peptide [25,26]. TPP can reduce the activation en-
ergy passing through the biological phospholipid bilayer, thus TPP
has the ability to pass through the mitochondrial membrane and
aggregate in the mitochondrial matrix [27,28]. Another way to tar-
get mitochondria is to use nanoparticles, such as dequalinium mi-
celles (DQAsomes) [29-33], liposomes [34-36], inorganic nanopar-
ticles [37-39], DNA nanostructures [40,41], and polymeric nanomi-
celles [42-46]. The most significant difference between DQAsomes
and other nanoparticles is that they can actively target mitochon-
dria without other targeting groups. DQAsomes, liposome-like vesi-
cles containing dequalinium chloride, can accumulate in mitochon-
dria, destroy mitochondrial membrane potential, and induce apop-
tosis or necrosis [47]. However, DQAsomes are rarely used in tar-
geted mitochondrial antitumor therapy due to their low ability for
endosomal escape and transfection efficiency [48].

Unfortunately, after insoluble drugs are modified, the drug solu-
bility does not change significantly, and it is difficult for TPP to per-
form modifications directly. Usually, a backbone group needs to be
added for the modification. In addition, TPP is cytotoxic at concen-
trations higher than 10pmol/L [48]. Some lipophilic cations have
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poor water solubility and phototoxicity, which in turn lead to poor
circulation in the body [49]. In contrast, peptides with biocompat-
ibility and design variations are more advantageous. These pep-
tides have low immunogenicity and can also mediate precise self-
assembly. Functional peptides usually have shorter peptide chains
[50], which can be modified on small molecule drugs to form
peptide-drug conjugates (PDCs). In addition, peptide-based drug
delivery systems have the following advantages: a simple prepa-
ration process, good targeting, in vivo degradability, and high ab-
sorption in vivo [49]. The systems can change the drug’s original
physicochemical properties and enhance their biological functions;
for example, the time spent in blood circulation can be increased
and their therapeutic effects can be enhanced. Some PDCs can also
self-assemble to form nanoparticles, fibers, or gels under changes
in temperature, pH, or noncovalent interactions. In addition to en-
hancing tumor tissue penetration and targeting mitochondria in
tumor cells [50], these functional PDCs have also been shown to
inhibit tumor proliferation and metastasis. The advantages of func-
tional peptides have led researchers to design and synthesize var-
ious functional peptides for increasing applications in cancer ther-
apy [51]. The purpose of this review was to examine the applica-
tion of peptides with different functions in targeting tumor mito-
chondria for therapeutic purposes.

2. Mechanism of mitochondrial targeting

Targeting the mitochondria of tumor cells has been found to
be a very promising method of inhibiting tumor proliferation and
metastasis [52,53]. At present, some anticancer drugs, such as
lonidamine, doxorubicin (DOX), and cisplatin, have the potential
ability to act on the mitochondria of tumor cells.

The main targets of tumor cell mitochondria include mitochon-
drial DNA (mtDNA, mitochondrial DNA), voltage-dependent an-
ion channel (VDAC, voltage-dependent anion channel), Bcl-2 anti-
apoptotic protein family, respiratory chain, and transition pore
protein subunits related to mitochondrial membrane permeability
[54]. Thirteen essential peptides in the oxidative phosphorylation
system are encoded by mtDNA, along with 2 rRNAs and 22 tRNAs
[55-57]. Compared to nuclear DNA, mtDNA exhibits a higher muta-
tion rate and fewer DNA repair pathways [58,59]. DOX is reported
to produce oxygen-free radicals that cause DNA damage [60]. Cis-
platin can bind to DNA and induce DNA damage, ultimately in-
ducing mitochondrial apoptosis [61]. The VDAC family is the most
abundant pore-forming protein on the outer mitochondrial mem-
brane, of which the multifunctional membrane channel protein
VDAC1 functions as an exchange channel for ions and metabo-
lites between the mitochondria and cytoplasm. The increased rate
of glycolysis in tumor cells results in significantly higher expres-
sion of hexokinase, which is one of the key enzymes of glycol-
ysis. It has been shown that tumor cells mainly express hexoki-
nase II (HK-II, Hexokinase II), and the binding of VDAC1 to HK-
Il can prevent the binding of proapoptotic proteins (such as Bak
and Bax) to mitochondria, ultimately inhibiting apoptosis [62-70].
In turn, inhibiting the interaction of VDAC's interaction with HK-
I can considerably inhibit cellular proliferation and tumor growth
[67]. As an effective inhibitor of HK-II, lonidamine can effectively
trigger the mitochondrial apoptosis pathway by destroying the mi-
tochondrial transmembrane potential [71,72]. Bcl-2 family proteins
regulate apoptosis by altering the permeability of mitochondrial
outer membranes [21,73,74]. Anti-apoptotic proteins are overex-
pressed in tumor cells from various types of cancers, such as colon,
thyroid, and breast cancers [75], so inhibiting the expression of
these proteins can inhibit tumor cell survival [76,77]. At the same
time, some drug molecules self-assemble in or near mitochon-
dria to form fibrous structures, which can destroy the integrity of
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the mitochondrial membrane, leading to mitochondrial dysfunction
[78] and achieving the treatment purpose.

3. Peptides for mitochondrial targeting

Mitochondrial-targeting sequences (MTSs) are usually endoge-
nous peptide sequences consisting of 15-55 amino acids. MTSs
vary in size and sequence, but they share the following common
feature: the amphiphilic o-helical structure that interacts with
negatively charged mitochondrial surfaces and is subsequently in-
ternalized by mitochondrial membrane transporters [79]. Using
MTSs, proteins synthesized by mitochondrial ribosomes can be de-
livered to mitochondria. However, MTSs have a poor ability to
permeate the cell membrane. To improve their membrane per-
meability, MTSs are often combined with cell-penetrating pep-
tides (CPPs) to deliver small-molecule chemotherapeutic drugs into
the mitochondria of tumor cells [59], as shown in Table 1. The
linkers (such as disulfide bonds and hydrazone linkers) between
peptides and drugs are degraded by glutathione (GSH), which is
highly expressed in tumor cells or in a slightly acidic environ-
ment. Lin used the mitochondrial-targeting sequences of MLRAAL-
STARRGPRLSRLL from the mitochondrial-oriented protein aldehyde
dehydrogenase (ALDH) that was covalently bound to CPPs con-
taining histidine; in addition, the researchers attached the non-
permeable membrane dye 5-carboxyfluorescein (5-FAM) to ver-
ify whether MTS+CPP could successfully enter the mitochondria
[79,80]. In the subcellular localization test, the overlap colocaliza-
tion coefficient (5-FAM and MitoTracker signals) of MTS-modified
molecules was 0.001, while the coefficient of MTS+CPP was 0.277.
The results showed that MTS+CPP binding had a stronger cellular
uptake and mitochondrial targeting than that of MTS alone. pHK
is a mitochondrial-targeting peptide (MIASHLLAYFFTELN) derived
from the HK-II protein terminus and consists of 15 amino acids.
pHK weakens the interaction between VDAC1 on the mitochon-
drial membrane and endogenous HK-II and then promote apop-
tosis. Abiy D Woldetsadik designed the peptide pHK-PAS for the
treatment of cervical cancer. The N-terminal end of pHK is co-
valently coupled to cell-penetrating peptides (PAS), which inhibits
mitochondrial respiration and glycolysis, leading to apoptosis [81].
In tumor cells, pHK-PAS exhibits a 3-7-folds higher cellular up-
take that of pHK and is much less toxic to noncancerous HEK293
cells with selective cytotoxicity. pHK sequences were also used by
Dan Liu to design pal-pKV-pHK for the treatment of lung cancer.
The molecules are composed of peptide sequences for cationic cell-
penetrating peptides pKV and pHK and are modified with lipid
chain pal to increase intracellular delivery and promote apoptosis
[54]. Both synthetic pHK-pKV and pal-pHK-pKV localize to mito-
chondria and trigger mitochondria-mediated apoptosis. Compared
to pHK and pHK-pKV, pal-pHK-pKV showed significantly higher cy-
totoxicity and stronger antiproliferative activity against A549 cells
over the entire concentration range. The results showed that pal-
pHK-pKV had increased bioactivity in tumor cells in regard to cy-
totoxicity, cellular uptake, and mitochondrial localization.

Aldehyde dehydrogenase-5MTS (ALD5MTS) are MTSs that target
the mitochondrial matrix. Klimpel et al. designed an ALD5MTS-
modified cytostatic drug, chlorambucil, for a breast tumor treat-
ment. Chlorambucil acts on DNA and binds to the cell-penetrating
peptide sC18 to deliver the drug to the mitochondria, leading to
mtDNA damage and dysfunction [59]. In addition, based on the N-
(2-hydroxypropyl)methacrylamide (HPMA) copolymer, Li et al. de-
signed a mitochondrial targeting system (DOX-R8MTS) to inhibit
the spread of breast cancer [82]. HPMA is a nontoxic, biocompati-
ble, water-soluble nanocarrier. The anticancer drug DOX was mod-
ified on HPMA, and then linked to a mitochondria-targeting hy-
brid peptide (R8MTS, consisting of Rg CPP and ALD5MTS) (Fig. 1).
This structure significantly enhanced the cellular uptake and mito-
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Table 1
Summary of cases of mitochondria-targeted peptide-based drug delivery systems for cancer therapy.
Mitochondrial targeted MTS CPP Cell Mechanism Ref.
drug delivery system
MTS-(5-FAM)-H3Rg MLRAALSTARRGPRLSRLL Rg MCF-7 - [80]
pHK-PAS MIASHLLAYFFTELN GKPILFF HeLa, HEK293 Disrupt the mitochondria- HKII [81]
interaction
Pal-pHK-pKV MIASHLLAYFFTELN KVLKQRAKKK A549, CM460 Weaken the mitochondrial [54]
VDAC1-HKII interaction
ALD5MTS-sC18- LSRTRAAAPNSRIFTR sC18 HeLa, MCF-7, TDA mock - [59]
chlorambucil
P-D-R8MTS LSRTRAAAPNSRIFTRC Rs 4T1, MDA-MB-231 Enhance ROS generation [82]
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Fig. 1. Schematic diagram of antitumor effects of ALD5M™-based mitochondrial tar-
geting peptide. Reproduced with permission [82]. Copyright 2020, Elsevier B.V.

chondrial targeting ability of the HPMA copolymer. It was demon-
strated that P-D-R8MTS had a strong inhibitory effect on tumor
growth, and no obvious pulmonary metastatic nodules were found
in the mice carrying 4T1. Compared with P-D-R8, which is not
modified with MTS, P-D-R8MTS underwent preferable metastasis
and invasion suppression. Furthermore, the tumor accumulation of
P-D-R8MTS was 2.98 times higher than that of free DOX, which
demonstrated that the HPMA copolymer could promote the tumor
accumulation and retention of DOX by intratumoral injection.

4. Peptides for mitochondrial penetration

MPPs are specific targeting carriers of small molecules local-
ized to the mitochondrial matrix and exhibit improved cellular up-
take and mitochondrial membrane penetration. The structure and
function of mitochondria in tumor cells are different from those
in healthy cells. The mitochondrial membrane potential of tumor
cells was higher than that of normal cells [83]. In addition, mito-
chondria are stimulated by a series of apoptotic signals (e.g., Bax

and Bak) in tumor cells, leading to increased permeability of the
outer mitochondrial membrane [84]. Thus, MPPs preferentially tar-
get tumor cell mitochondria rather than healthy cells [85,86]. The
characteristic by which MPPs pass through cell and mitochondrial
membranes is attributed to their positive charge and hydropho-
bic amino acids [87,88]. Cations promote charge-driven intracellu-
lar uptake, and with the help of lipophilic amino acid sequences,
MPPs can better pass through the hydrophobic inner mitochondrial
membrane (IMM). MPPs can achieve both high cell permeability
and mitochondrial localization, as shown in Table 2. Lei and Kelley
used disulfide bonds linking MPPs and luminespib for the treat-
ment of leukemia [24]. Luminespib is a mitochondrial heat shock
protein HSP90 inhibitor that induces cell cycle arrest and apop-
tosis. Disulfide bonds were cleaved by GSH, which is highly ex-
pressed in tumor cells, and at the same time, luminespib was de-
livered into the mitochondrial matrix to induce apoptosis. Burke’s
group combined Ru(Il) complexes with MPPs to accurately target
mtDNA in living cells. Ru(Il) luminescence, a cell imaging probe,
acted as a light switch when it bound with dipyridyl phenazine
(dppz) to form the Ru(Il) complex. The probe was photoswitched
on when bound to mtDNA and photoexcited in hydrophilic me-
dia. Binding of Ru(Il) to MPP can be used as a fluorescent reporter
molecule for targeting cellular mtDNA [56].

To combat tumor resistance and metastasis, Deng et al. mod-
ified a-cyclodextrin («-CD)-based doxorubicin, NO prodrugs, and
dimethylmaleic anhydride (DA) onto polyethylene glycol (PEG)-
conjugated MPPs (KLAKLAK),CGKRK to obtain «-CD-DOX-NO-DA
nanoparticles (Fig. 2A). Adding PEG to nanoparticles increased their
circulation time in the blood and cellular uptake capacity. The
release of NO induced mitochondrial dysfunction and effectively
overcame tumor drug resistance [89]. In an in vivo antitumor as-
say, the tumor growth inhibition ratio (TIR) of «-CD-DOX-NO-DA
nanoparticles at day 24 was 86.8%, which was much higher than
that of free DOX (11.4%). In a study on the inhibition of in situ
drug-resistant tumors, free DOX did not inhibit tumor growth,
while «-CD-DOX-NO-DA nanoparticles almost completely inhib-
ited tumor growth. In addition, the weight change of mice dur-
ing the treatment was negligible, indicating that o-CD-DOX-NO-DA
nanoparticles had low systemic toxicity.

Yang et al. designed the MPP-modified HPMA polymer HPMA-
MPP-DOX (PM) and HPMA-DOX copolymer (PN) (Fig. 2B), which
were co-delivered to inhibit breast cancer metastasis [90]. PM
damaged mitochondria to promote apoptosis and inhibit tumor
metastasis, while PN disrupted nuclei to inhibit cell proliferation
and promote apoptosis. Both in vivo and in vitro experiments
showed that the mitochondrial targeting of PM significantly in-
hibited tumor metastasis and decreased the number of metastatic
lung nodules by 67%. The combination of PM and PN comple-
mented each other and synergistically inhibited tumor growth and
metastasis. The results showed that this method almost eliminated
tumor metastasis, and no obvious pulmonary nodules were ob-
served. Czupiel designed a combination of cationic cell-penetrating
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Table 2
Summary of cases of mitochondria-penetrating peptide-based drug delivery systems for cancer therapy.
Mitochondrial targeted Drug MPPs Cell Mechanism Ref.
drug delivery system
Luminespib-MPP Luminespib FrFrFr K562 HSP90 inhibitor [24]
Ru-MPP Ru(II) FrFKFrFK(Ac) Hela mtDNA [56]
«-CD-DOX-NO-DA DOX (KLAKLAK)2CGKRK MCF-7 Depleting mitochondrial membrane [89]
potential, downregulating ATP level
HPMA-MPP-Dox DOX CFXrFxKFxrFxK 4T1 Reduce ATP level, increase ROS production [90]
VES-HgRg - VES-HgRg EMT6, NIH3T3 Induce ROS production, decrease drug [91]
Str-HgRg Str-HgRg efflux
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Fig. 2. (A) Schematic structure and action of drug delivery system based on KLAK peptide with mitochondrial penetrating function. Reproduced with permission [89].
Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematic structure and action of drug delivery system based on FxrFxK peptide with mitochondrial

penetrating function. Reproduced with permission [90]. Copyright 2021, Elsevier B.V.

peptides (HgRg) and a fatty acid chain (vitamin E succinate or
stearyl) to treat multidrug-resistant breast cancer. The structural
properties of these peptides are similar to those of MPPs [91],
which kill tumor cells by disrupting mitochondria, reducing P-
glycoprotein (P-gp) efflux, and inducing ROS production.

5. Peptides for mitochondrial destruction

Mitochondrial destroying peptides are a kind of peptide that
utilize self-assembly characteristics and combine with nanotar-
geted ligands to achieve in vivo morphological transformation and
ultimately induce cell dysfunction. Mitochondrial destroying pep-
tides can accelerate the formation of nanofibers under special con-
ditions (such as enzymes and photothermal agents) [92-96]. Due
to the increased mitochondrial membrane permeability and poten-
tial of tumor cells, the targeted drug delivery systems mediated
by mitochondrial destruction peptides tend to aggregate in tumor

cells and reach critical aggregation concentrations more readily
than normal cells. Self-assembled systems play an important role
in physiological functions and have great potential for applications
in areas such as biomedicine and drug delivery. Self-assembled
peptides are formed through various noncovalent interactions, such
as hydrogen bonds, - superposition, electrostatic interactions,
hydrophobic interactions, and van der Waals interactions [41,42].
In organisms, self-assembly peptide has good biocompatibility and
biodegradability and a controlled assembly function, which enables
aggregation and retention in the focal region.

5.1. Enzyme-instructed intracellular self-assembly (EISA)

EISA is an effective method to induce cellular dysfunction.
Drug precursors undergo molecular transformations in the pres-
ence of enzymes, changing from soluble hydrophilic units into
self-assembling ordered structures that are located intracellularly
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Table 3
Summary of cases of mitochondrial-destruction peptide-based drug delivery systems for cancer therapy.
Mitochondrial targeted Mitochondrial Cell Mechanism Ref.
drug delivery system targerted segment
L-1P FFYK Saos2 Dirupt the hemeostasis of [98]
mitochondria
D-1P Trigger the release of cyt-c
Activate caspase cascade
DOX@MT-NPs FFC HeLa Activate caspase cascade of cellular [99]
apoptosis
Cy-3-TPP/FF FF A549 Target IMM [101]
Cy-5-TPP/FF
PKK-S-PEG [KLAKLAK], HeLa, MCF-7, Up-regulate Bak, downregulate Bcl-2,
1929 activate caspase-3/9 [103,104]

or extracellularly [94]. Self-assembly of peptides only occurs if
the molecular concentration is higher than the critical aggrega-
tion concentration (CAC). For mitochondrial self-assembly medi-
ated by mitochondrial targeting peptides, molecules must be en-
riched in mitochondria. The concentration should be higher than
the CAC in mitochondria and lower than the CAC in the cyto-
plasm. Specific enzymes and excess ROS can be used to trigger
the self-assembly process around or on the surface of mitochon-
dria [52]. Thus, the dual action of highly expressed enzymes (e.g.,
alkaline phosphatase (ALP), GSH) and mitochondrial targeting pep-
tides in tumor cells enables tumor cell mitochondria to be bet-
ter targeted. However, the shortcomings of EISA are also obvi-
ous. The initial concentration of peptides used for self-assembly is
higher than that of the critical concentration to form nanofibers
[97]. In addition, the use of enzymes is usually limited to cer-
tain cell types and cannot be generalized to all tumor cell types.
Huaimin Wang designed mitochondrial-targeting compounds (L-
1P or D-1P) for the treatment of osteosarcoma [98], as shown in
Table 3. The molecules consist of the following parts: (1) the self-
assembling backbone tetrapeptide, FFYK; (2) the mitochondrial tar-
get head, TPP; (3) an enzymatic triggers (tyrosine phosphate lipids
(pY) as a substrate of ALP); and (4) the reporter of molecular
self-assembly, an environment-sensitive fluorophore (4-nitro-2,1,3-
benzoxadiazole, NBD). The molecules first formed oligomers at cer-
tain concentrations and subsequently interacted to form nanoscale
assemblies. In addition, due to the rapid dephosphorylation of
drug precursors catalyzed by ALP, which are overexpressed on
the surface of tumor cells, the oligomers underwent self-assembly
and formed nanoscale assemblies on the surface of tumor cells.
Through self-assembly, the oligomers formed nanoscale assemblies
on the surface of tumor cells, which then entered the tumor cells
via endocytosis. Through the targeting effect of TPP, the assem-
blies accumulate in mitochondria, causing mitochondrial dysfunc-
tion and cytochrome C release, ultimately resulting in cell death.

Jingbo Wang’s team prepared a mitochondrial-targeted drug de-
livery system called DOX@MT-NPs [99]. The molecules consist of
the following parts (Fig. 3A): (1) the anticancer drug DOX; (2) the
mitochondrial targeting ligand TPP; (3) the peptide-linked block
copolymer PEG-b-PPDSEMA; and (4) the self-assembled peptide
FFC. These molecules first formed micelles in phosphate buffer so-
lution (PBS). After entering tumor cells in the micelle state, the
disulfide bonds between FFC(TPP) and PEG-b-PPDSEMA were en-
zymatically cleaved by GSH with high expression, resulting in the
release of DOX and FFC(TPP). FFC(TPP) gathered and self-assembled
into nanofibers after entering mitochondria, which eventually led
to mitochondrial dysfunction. DOX acted on DNA and synergisti-
cally induced tumor cell death.

m-m stacking can drive peptide self-assembly, especially for
m-coupled peptides (e.g., aromatic peptides) [100]. Phe-Phe (FF,
part of B-like amyloid, AB19_9) dipeptides, which are used as
supramolecular building blocks, can self-assemble to form nan-
otubes with unique mechanical and electrical properties [35].

Saha’s team designed and constructed two lipophilic cationic
fluorescent peptide molecules (Cy-3-TPP/FF and Cy-5-TPP/FF) for
the treatment of cervical epithelioid carcinoma and lung can-
cer [101]. The molecules consist of unsymmetrical visible Cy-3
or near-infrared (NIR) Cy-5 chromophores, TPP, and FF dipeptides
that can self-assemble to form nanotubes. Cy-3-TPP/FF and Cy-5-
TPP/FF molecules were self-assembled in solution to form visible
and near-infrared nanotubes, respectively. Modifying TPP groups
could effectively transport supramolecular peptide building blocks
with a near-infrared imaging function into the mitochondria. These
molecules can selectively accumulate in negatively charged mito-
chondria in tumor cells and form supramolecular nanotubes after
reaching CAC. The noncovalent interaction between nanotubes and
malignant mitochondrial proteins may be beneficial for inducing
early apoptosis.

5.2. Photothermal promotion of the morphological transformation
strategy

It was found that peptide assemblies generally aggregate slowly
and that increasing the temperature reduces the Gibbs free en-
ergy, thereby improving the self-assembly rate [102]. Increased as-
sembly rates encourage the accumulation of drug molecules at
the tumor site. Through the photothermal-promoted morphology
transformation (PMT) strategy, which involves adding photother-
mal molecules into PDCs, the local temperature is increased, ac-
celerating the speed of the chemical assembly process and regu-
lating the assembly rate of nanofibers in vivo, ultimately improv-
ing the biological properties of drug molecules. Compared to the
spontaneous morphology transformation (SMT) strategy, the PMT
strategy has a 4-fold increase in the transformation rate. In addi-
tion, due to the increased assembly rate, the drug accumulation in
tumors under light irradiation is twice as rapid as that in the ab-
sence of light irradiation. At the same time, the PMT strategy can
induce enhanced accumulation of nanomaterials, which maximizes
drug retention at the tumor site.

Compared with nanoparticles, nanofibers have higher Hill coef-
ficients, stronger multivalent interactions, and higher binding affin-
ity with mitochondrial membranes. The conversion of nanoparti-
cles near mitochondria into nanofibers can greatly improve the
mitochondrial targeting ability and promote tumor cell apopto-
sis. Zhang et al. designed and obtained polymer-peptide conju-
gates (PPCs) PKK-S-PEG for the treatment of breast cancer, and
the molecules consist of the following parts [103,104]: (1) peptides
that target and disrupt mitochondria [KLAKLAK],; (2) hydrogen-
bonding peptides KLVFF; (3) a hydrophilic PEG fragment that binds
disulfide bonds; and (4) a photothermal molecule (purpurin-18,
P18). When hydrophilic PKK-S-PEG nanoparticles entered tumor
cells through the endocytic pathway, the disulfide bonds between
PEG and KLVFF were cleaved by the overexpressed GSH in the
tumor cell cytoplasm (Fig. 3B). Then the nanoparticles are trans-
formed into nanofibers (NFs) by the hydrogen bonding of KLVFF.
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Fig. 3. (A) Schematic diagram of mitochondria-targeted drug delivery system DOX@MT-NPs based on enzyme-directed intracellular self-assembly. Reproduced with permis-
sion [99]. Copyright 2022, American Chemical Society. (B) Schematic diagram of mitochondria-targeted drug delivery system PKK-S-PEG based on the photothermal promotion
of morphological transformation strategy. Reproduced with permission [103,104]. Copyright 2020, American Chemical Society.

The photothermal effect of P18 was stimulated by NIR radiation,
which led to a controlled acceleration of morphological transfor-
mation and intensified the induction of apoptosis in tumor cells.

6. Peptides for mitochondrial responsiveness

The addition of a tumor-targeting fraction and antifouling seg-
ment to drug carriers is an effective strategy to form nanoplat-
forms for cancer therapy, which can both prolong blood circula-
tion time and enhance the level of drug delivery within tumor
cells [105,106]. Since the important characteristics of the tumor
microenvironment include the significantly low pH, low oxygen
content, high pressure, and dysregulated enzymatic activity, it can
deactivate the performance of antifouling segments and increase
the accumulation of nanomaterials within the tumor. The pep-
tide sequence GFLG acts as an environmentally-responsive peptide,
which can be cleaved by cathepsin-B (CB, a native lysosomal pro-
tease) overexpressed in tumor cells. GFLG formed switchable mul-
tifunctional peptides between an outer antifouling fragment and an
inner mitochondrial targeting peptide. These multifunctional pep-
tides exhibit a long-term blood circulation time and mitochondrial
localization ability.

Xiaokang Jin used this method to design AuNR@FrFK-GFLG-EK
for the treatment of breast cancer. The molecules consist of the
following parts [105]: (1) the mitochondrial targeting peptide seg-
ments FrFK; (2) nanostructured protective group amphipathic pep-
tide sequences EK (glutamic acid, E; lysine, K); (3) CB cleavage
site GFLG peptides, which is externally connected to EK peptide
and internally connected to FrFK; and (4) gold nanorods, which
are used as photothermal agents (PA). The peptides (FrFK-GFLG-EK)
were modified on gold nanorods to target mitochondria. Once the
molecules reached the tumor site via the enhanced permeability
and retention effect (EPR), the environmentally responsive peptide
GFLG was cleaved. The external antifouling fragments were sepa-
rated from the internal mitochondria targeting site, allowing the
gold nanorods to target mitochondria and destroy mitochondria in

combination with photothermal therapy to achieve therapeutic ef-
fects.

7. Conclusion and outlook

In this review, we described mitochondria-targeted cancer ther-
apy strategies based on functional peptides and some promising
examples of the rational design of drugs or nanoparticles modified
by functional peptides in targeting mitochondria for cancer ther-
apy. Currently, the applications of these functional peptide-based
targeted mitochondrial drugs for cancer therapy mainly include the
delivery of anticancer drugs or nanoparticles to mitochondria, de-
struction of mitochondria by mitochondria-cytotoxic peptides or
peptide assemblies, and combination with chemotherapy or PMT.
Owing to its several advantages, including excellent mitochondria
targeting, biocompatibility, and inclusivity for multiple biological
and physicochemical activities, the mitochondria-targeted peptide
achieves accurate deliveries from the levels of the tissue through
cells to cellular organelles [52].

However, several challenges still exist for the further develop-
ment of mitochondria-targeted peptides. First, rationally design-
ing functional peptides to form robust nanostructures in vivo is
still challenging [107]. Second, PDCs have been reported to be
mostly responsive to single-factor stimuli. Third, while some stud-
ies have demonstrated the biocompatibility of functional peptides,
their degradation rate and long-term safety are still debatable.
Fourth, although the combination of drugs with mitochondria-
targeted functional peptides can enhance tumor cell targeting, it
does not completely prevent damage to normal cells.

Two PDCs have been approved by the FDA for clinical trials,
including PEPAXTO for the treatment of recurrent bone marrow
cancer [108], and LUTATHERA for the treatment of somatostatin
receptor-positive gastrointestinal and pancreatic neurosecretory tu-
mors [109]. More than 20 PDCs are being evaluated in clinical
trials for cancer therapy [110]. Only a few mitochondria-targeted
peptides, such as SS peptides, have successfully advanced to the
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stage of clinical development for age-related macular degeneration
and primary mitochondrial myopathy treatment [111,112]. To date,
mitochondria-targeted delivery systems using functional peptides
for cancer therapy are still in the primary stage, and many promis-
ing results but few clinical reports have been obtained. Despite
these challenges, we believe that a more precise mitochondria-
targeted peptide-based method with more efficiency and minimal
toxicity will be developed for the treatment of cancer.
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