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Cell-penetrating peptides (CPPs) can transport various cargoes through membranes

of live cells. Since the first generations of CPPs suffered from insufficient cell and

tissue selectivity, stability against proteases, and escape from endosomes, a new gen-

eration of peptides, with optimized properties, was developed. These are either

derived from natural sources or created through the combination of multivalent

structures. The second method allows achieving high internalization efficiency, high

cell and tissue selectivity, and release from endosomes via hybrid structures, combin-

ing sequences for endosomal release, homing sequences, and sequences for activa-

tion at the target tissue and for local delivery of cargoes. CPPs with innate tumor

selectivity include azurin, crotamine, maurocalcine, lycosin-I, buffalo cathelicidin, and

peptide CB5005. Some of them can penetrate the membranes of live cells and influ-

ence intracellular signaling pathways, thereby exerting cytotoxic effects against

tumor cells. To obtain multilayer penetration and stabilization against proteolytic deg-

radation, as well as for better handling, CPPs are often conjugated to nanoparticles.

A special problem for tumor treatment is the efficiency of drug transport through

three-dimensional cell cultures. Therefore, the capability of CPPs to deliver the drug

even to the innermost tissues is of crucial importance. Notably, the ability of certain

CPPs to penetrate barriers such as skin, the blood-brain barrier (BBB), and cornea or

conjunctiva of eyes enabled the replacement of dangerous and painful injections with

soothing sprays, creams, and drops. However, it is difficult to rank the efficacy of

CPPs because transport efficiency and tissue selectivity depend not only on the CPP

itself but also on the target tissue or organ, as well as on the cargo and method of

CPP-cargo coupling. Therefore, the present review describes some examples of new-

generation CPPs and aims to provide advice on how to find or create the right CPP

for a given task.
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1 | INTRODUCTION

In the preceding review written by one of us and published 6 years

ago in the same journal,1 the structures, functions, and mechanisms of

action of CPPs were described, together with their history. The pre-

sent review is based on this previous article but is focused on newly

developed CPPs, their functional characteristics, and their potential

use in preclinical and clinical studies.

Despite intensive research in this field for the last 30 years, the

development of effective CPPs for selective internalization of drugs

or imaging labels in tissues and organs still remains challenging. In fact,

to date, no CPP or composition containing CPPs has been approved

by the Food and Drug Administration (FDA). Moreover, despite

worldwide efforts to produce vaccines against the novel coronavirus

SARS-CoV-2, until recently no CPP has ever been used for vaccine

development. This lack of results is in strong contrast to the promising

properties of CPPs as nonviral transport vectors. In the following

sections, we will also provide possible explanations for this unex-

pected outcome.

Nevertheless, CPPs are undoubtedly more promising and conve-

nient for clinical use than chemical detergents or polymers, electrical

and mechanical penetration methods or viral vectors. These methods

can be taken into consideration only for in vitro use, for instance, in

studies conducted on isolated cells, cell cultures, tissues, and, only in

some cases for animal studies. However, they are not suitable for clin-

ical applications, with very few exceptions.

On the other hand, CPPs can penetrate the membranes of live

cells and deliver different types of cargoes to cells or even directly

to subcellular organelles; therefore, they can be used as biochemical

tools in cellular studies or as drug transporters. In particular, signal

transduction inhibitors that influence intracellular signaling path-

ways require effective means for delivery to target tissue or target

cells.

However, the first-generation CPPs not only had low cell and tis-

sue selectivity but were mainly transported into intracellular vesicles,

that is, endosomes. In contrast to some other problems remaining till

now, cell and tissue selectivity could be greatly enhanced in the

newest generation of CPPs. Additionally, most peptides from the new

generation can escape entrapment in endosomes thanks to the inser-

tion of special sequences or to their conformational properties, which

can trigger their release from endosomes.

The new generation of CPPs mainly consists of peptides that ful-

fill the following requirements: transport with sufficient efficiency,

high selectivity, and escape from endosomes. Figure 1 summarizes the

used mechanisms for enhancing tissue- and cell-selectivity. These

newly developed peptides mostly derive from natural sources; indeed,

they consist of partial sequences of proteins from venoms of snakes,

scorpions, and spiders or they are either fragments of enzymes or

fusogenic and penetrating cell surface components. Notably, many of

these new-generation CPPs exhibit a pronounced intrinsic selectivity

for tumor tissues. The selective transport of cargoes into an organ

seems to be quite more difficult as selective transport into a cell line

or tissue. The group of Brock has critically reviewed the current status

of renal targeting drugs. They found that drugs also accumulate in the

liver and that renal targeting goes mainly with an increase in kidney-

to-liver ratio.2

Moreover, to introduce or enhance target selectivity, activatable

CPPs can be rationally designed. Their activation can be triggered by

F IGURE 1 Cell- and tissue-selectivity of internalization into live cells
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cell-specific proteases, for example, tumor-specific proteases such as

matrix metalloproteinases,3,4 fibroblast activation protein (FAB),5 lower

pH values than those found in healthy tissues,6,7 or under hypoxic tis-

sue conditions.8,9 Furthermore, cancer selectivity can be enhanced by

fusion with homing sequences,10 which guide the translocation of the

CPPwith its cargo from blood vessels to the target tissue.

In addition, certain newly developed CPPs can directly kill tumor

cells by influencing specific signaling pathways. For instance,

Bernardes et al.11 reported that azurin exerts anticancer activity by

interacting with multiple targets and interfering with multiple steps of

tumor progression.

With the aim of improving pharmacokinetic parameters and ease

of handling, some CPPs were coupled to polymers, dendrimers, lipo-

somes, and nanoparticles.2,5,12–17 These complex structures permit

more precise delivery of CPPs to target cells by coupling them with

additional affinity ligands, such as selective antibodies,5 ligands for

membrane receptors,18,19 or other ligand-binding proteins.20

CPPs can also be used for imaging of diseased tissues. Indeed, to

highlight tumors or inflamed tissues, marker molecules must be conju-

gated. For instance, fluorescent labels can be used as markers,21 espe-

cially those emitting in the near-infrared (NIR) region,22,23 together

with metal-chelating complexes for sensitive NMR imaging24 and

radionuclides.25 Therefore, imaging with fluorescence-labeled and

tissue-specific CPPs can be very helpful for visualizing the margin

between healthy and diseased tissues during surgery.4

Gene therapy is normally based on the principle that exogenous

DNA can adjust the availability of deficient or altered gene products

to normal physiological levels. However, despite the many attempts

undertaken in many laboratories from different countries, therapy

with DNA and plasmid DNA (pDNA) remains a challenge. On the one

hand, it is difficult to deliver exogenous DNA or pDNA into target tis-

sues of patients with the help of CPPs. On the other hand, it seems to

be easier to influence intracellular de novo protein synthesis via trans-

fection of homeobox proteins and CRISPR-Cas9 ribonucleotide com-

plexes26 or through internalization of oligonucleotides27 and their

pseudo-derivatives,28 which are methods also belonging to gene

therapy.

In order to enhance the stability of CPPs against proteolytic deg-

radation and thereby make them more suitable for therapeutic appli-

cations, different techniques have been used, such as insertion of

nonproteinogenic amino acids or structural different components,

cyclization, or conjugation to polymers or nanoparticles, as described

more in detail later in the chapter “Stabilization against proteolytic

degradation.”
Most tumors consist of different cell types, extracellular matrix,

and macrophages; nevertheless, despite the different internalization

efficiencies of CPPs for certain cell types, efficient CPPs must trans-

port the cargo into the center of a three-dimensional composed tis-

sue.29 Furthermore, it has become increasingly important to find or

create CPPs that can penetrate barriers such as the blood-brain bar-

rier (BBB), cornea or conjunctiva of the eye, skin, epithelial tissue, and

intestinal mucosa. Such barriers consist of many layers of different

cells. Therefore, crossing these barriers requires the ability to perform

transcellular migration.

Altogether, these requirements cannot be fulfilled by any single

molecule, but they necessitate the development of multifunctional

composite molecules or nano-carriers. Some of these basic composite

structures are shown in Figure 2.

F IGURE 2 Composed structures of CPPs
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2 | NEW CELL-PENETRATING PEPTIDES—
“NEW GENERATION”

At the time the aforementioned review was published, certain new

peptides had been developed for an enhanced transport efficacy,

escape from endosomes, and specificity towards target cells. Over the

past few years, the transduction and transfection of difficult-to-

transfect cells have emerged as a novel challenge to be overcome.

This problem is relevant for clinical applications. In fact, hard-to-

transfect human cells are, inter alia, stem cells, primary cells

(e.g., human fibroblasts, human vein endothelial cells, hematopoietic

cells, and hippocampal and cortical neurons), mast cells, natural killer

(NK) cells, and macrophages. Nevertheless, only a few authors have

focused their research on hard-to-transfect cells. However, we

detected a large difference between the efficiency of internalization

of peptides and proteins, on the one hand, and of linear and cyclic

DNA, on the other hand. In fact, by our experience, not only small-

sized proteins but also large proteins could be easily transported with

CPPs, even into difficult-to-transfect cells. For example, noncovalent

complexes formed from amphipathic CPPs and proteins could be eas-

ily transported into such difficult-to-transfect cells such as Kasumi-1

and Leishmania cells.30–32 However, we were unable to deliver plas-

mids into the same cells even when approaching the problem with a

variety of different CPPs.33 Because immune cells are also hardly to

transfect cells it seems reasonable that other transport vectors are

preferred for the development of vaccines against the novel coronavi-

rus SARS-CoV-2. This fact contrasts with the results of preclinical vac-

cination studies with CPPs described by the very informative,

interesting, and intelligent review from Bolhassanis group.34

In our former review, 92 different CPPs were listed, classified,

and subclassified according to different perspectives. Depending on

their sequence, CPPs can be divided into basic, amphipathic, neutral,

hydrophobic, and acidic peptides. The shortest transporter consists of

five amino acids whereas the longest transporters are hybrid fusion

proteins of more than 100 amino acids.

Among first- and new-generation CPPs are many lysine- and

arginine-rich cationic peptides. Cationic CPPs such as HIV-TAT are usu-

ally unsuited for forming noncovalent complexes with proteins, as they

require, in most cases, covalent conjugation to marker molecules, pro-

teins, or drugs. On the other hand, their positive charges favor their

interaction with negatively charged components of the cell membrane

and plasma. However, upon interaction with blood plasma, these CPPs

are prone to rapid elimination by the reticuloendothelial system.34,35

Neutral and acidic CPPs have also been intensively studied. Moreover,

amphipathic peptides such as MPG-type peptides36 have been applied

in different preclinical and clinical studies. Intensively studied acidic

CPPs derive from fragments of the bacterial enzyme cupredoxin, mainly

the p18 and p28 fragments of azurin. They exhibit a distinct affinity for

tumor cells and have great potential for clinical application.37 The fol-

lowing chapter presents and describes the properties and applications

of some new-generation CPPs, which were selected from the literature

of the past few years. Please acknowledge that this selection is also

based on our personal point of view.

3 | CATIONIC CPPS

3.1 | Protamines

This family of heterogeneous polycationic peptides is characterized

by a high content (�67%) of arginine residues. These basic peptides

have an average molecular weight of approximately 4500 Da and

can be isolated from fish or human sperm. Protamines are zinc

finger proteins that may play a role in the stabilization of sperm

chromatin and in the inhibition of transcription. Indeed, their DNA-

binding ability is markedly enhanced by zinc ions. Thus, they may

play a role as regulatory factors during sperm chromatin condensa-

tion.38 Long time before the discovery of CPPs, protamines were

used for pharmaceutical compositions. For example, insulin or insulin

derivatives can form complexes with protamine and Zn ions, thereby

producing formulations that can be administered to patients with

type I and also with type II diabetes mellitus. Moreover, complexes

containing protamines were also used for the release of interferon

alpha, glucagon-like peptide 1, and somatostatin from pharmaceuti-

cal compositions.

Low-molecular-weight protamine: VSRRRRRRGGRRRR39,40

Because this heterogeneous group of peptides evoked many unde-

sired side effects during clinical trials, Byun et al.39 developed a short-

chained low-molecular-weight protamine, abbreviated LMWP. The

sequence of this peptide contains a compact assembly of arginine res-

idues and resembles, to some degree, HIV-TAT (47–57). This short

fragment is used in clinical treatment as a substitute for heparin anti-

dote.39 It effectively triggers the transduction of peptides and pro-

teins into live cells. Furthermore, the conjugation of insulin to LMWP

enables its transport through epithelial cell membranes and the intes-

tinal mucosal layer.41 In addition, because of the compact region of

positively charged arginine residues, LMWP can function as an effi-

cient gene carrier42 and has been used for siRNA delivery into cancer

cells.43 Moreover, LMWP helps to target drug-resistant breast

cancer44 and enables drug delivery to the brain through intranasal

administration.45 For highly specific targeting of cancer cells,

protease-activatable LMWP derivatives have been developed.46 Sur-

prisingly, LMWP can also be applied to the mineralization of human

dental pulp stem cells.47

3.2 | Crotamine

Crotamine: 42 amino acid residues with three disulfide bridges:

C4–C36, C11–C30, and C18–C37 YKQCHKKGGHCFPKEKICLPPSS

DFGKMDCRWRWKCCKKGSG.48,49

4-Ser-crotamine(Δ10–37): YKQSHKKGGKKGSG-amide.50

Cys-[4-Ser-crotamine(Δ10–37)]: C-YKQSHKKGGKKGSG-amide.23

Crotamine is the peptide component of the venom from the

South American rattlesnake, Crotalus durissus terrificus. Its amino acid

sequence contains 42 residues, linked by three disulfide bridges.48,49 It

is a defensin-like cationic peptide that possesses anticancer,
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antimicrobial, and antifungal properties and thus is potentially useful for

diagnostics and therapeutics.51 Campairo et al.52 confirmed the efficacy

of orally administered crotamine as an antitumor agent, which showed

several positive metabolic effects in treated animals. In another study,

the authors confirmed the long-term safety of internalization of full-

length crotamine into renal proximal tubular epithelial cells.53 In contrast

to the postulated low toxicity, Silvestrini et al.54 showed that intrader-

mal application of crotamine induces inflammatory and immunological

changes. In particular, the systemic acute inflammatory responses to

crotamine are similar to those triggered by histamine and thus limit

the therapeutic use of this peptide in its original form.54 Notably,

crotamine exhibits significant DNA-binding properties in vitro.55

Furthermore, its cell-penetrating and antitumoral activities are com-

bined with inhibitory properties on voltage-gated potassium channels.56

In most publications, a structurally minimized sequence was

described with a deletion from positions 10 to 37, thus combining res-

idues 1–9 with residues 38–42 to form 4-Ser-crotamine(Δ10–37).

This peptide was also named nucleolar targeting peptide (NrTP), due

to its preferential accumulation in the nucleoli of cells.50,57,58 Its inter-

nalization involves binding to heparan sulfate proteoglycans,48

followed by endocytosis and escape from vesicles into the cytosol.

NrTPs can be successfully internalized into all cell types, except eryth-

rocytes.58 In addition, as a positively charged peptide, it can stimulate

the uptake of DNA and plasmids into cells through the formation of

electrostatic complexes.48 Furthermore, the ability of crotamine to

transport cargoes both in vitro and in vivo, in particular into actively

proliferating cells,59 makes crotamine and its derivatives suitable

markers of actively proliferating cells, such as cancer cells. For

instance, very recently Tansi et al.23 found that a fluorescent deriva-

tive of Cys-[4-Ser-crotamine(Δ10–37)] could reveal tumor micro-

heterogeneity by preferential internalization into proliferating breast

cancer cells, whereas it was homogeneously distributed in fibrosar-

coma, colon cancer, and noncancerous endothelial cells. Thus, this

peptide can be used to determine the level of heterogeneity within

tumors. In the used spliced analog, cysteine at position 4 was replaced

by serine to unambiguously couple labels and cargoes to an additional

N-terminal cysteine. The suitability of crotamine for diagnostics

and tumor therapy has been studied in various models.51,60–62 In addi-

tion to cell-penetrating and selective antifungal and antitumoral

properties,63 crotamine exhibits potent anti-plasmodial activity,64

which can help in the treatment of malaria.

3.3 | Maurocalcine

33-mer basic peptide with three disulfide bridges: C3–C17, C10–C21,

and C16–C32 GDCLPHLKLCKENKDCCSKKCKRRGTNIEKRCR.65

Minimaurocalcine: GDCLPHLKL.66

Cys-(3-Abu-minimaurocalcine): C-GD (Abu)LPHLKL.23

MCA-UF 14–25 KD (Abu)-(Abu)SKK (Abu)KRRG-amide.67

Maurocalcine was first isolated from theTunisian scorpion Scorpio

maurus palmatus. Full-length maurocalcine is a 33-mer basic peptide

cross-linked by three disulfide bridges.65 Numerous analogs have

been derived by simultaneous internal cysteine replacement with

2-aminobutyric acid (Abu) and sequence truncation.66,67 Fragment

1–9, which corresponds to the hydrophobic surface, is called mini-

maurocalcine. Protonation of the histidine residue renders the cell

penetration activity pH sensitive, making the peptide a suitable tool

for specific targeting of cancer cells within acidic tumor environ-

ments.66 Interestingly, maurocalcine potently and reversibly modifies

the channel-gating behavior of the type 1 ryanodine receptor.65 It

binds to disialoganglioside GD3 at the cell surface. Maurocalcine was

tested as a drug carrier to achieve targeted internalization.68 Notably,

D-maurocalcine, an analog with all amino acids in the D configuration,

combines efficient cell penetration with proteolytic stability.69 Perret

et al.70 showed that disulfide bridges stabilize the peptide against pro-

teolytic degradation in mouse blood. In addition, gold nanoparticles

containing a maurocalcine analog can be delivered to different cell

lines, allowing biomedical imaging.71 Finally, internalization studies

performed by Tansi et al.23 demonstrated a preference of Cys-(3-Abu-

mini-maurocalcine) for tumor cells but with a diminished transport

efficiency and cell selectivity than the spliced crotamine analog.

3.4 | The spider toxin Lycosin-I

Ac-KGWFKAMKSIAKFIAKEKLKEHL-amide.35,72

Similar to toxins from snakes and scorpions, toxins from spiders

contain peptides with cell-penetrating properties and high affinity to

cancer cells. For example, lycosin-I, a toxin from the spider Lycosa

singoriensis, interacts selectively with breast and prostate cancer

cells. When conjugated to spherical gold nanoparticles, lycosin-I

exhibits selective intracellular translocation towards cancer cells but

also displays an unprecedented low selectivity over noncancerous

cells. Moreover, this conjugate shows an efficient photothermal

effect under NIR irradiation, leading to the killing of cancer cells

in vivo.73

3.5 | Tumor homing CPPs from the buffalo
cathelicidin family

BuCATHL4C abbreviated CAT: RIRFPWPWRWPWWRRVRG.74

Cathelicidin is an antimicrobial peptide. In particular, members of

the newly identified buffalo-derived cathelicidin family exhibit prefer-

ential binding to multiple tumor cell lines. Additionally, they show

higher translocation efficiency than most other CPPs. Therefore, CAT

is considered a novel tumor homing CPP with great potential for

selective drug delivery.74

3.6 | The nucleus-penetrating peptide CB5005

CB5005: KLKLALALALAVQRKRQKLMP.75

CB5005 is a rationally designed peptide containing a cell-

permeable sequence cascading to a NF-κB nuclear localization
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sequence. This peptide can penetrate the brain, owing to its unique

affinity for brain endothelial cells, accumulate at the tumor site, and

infiltrate deeply into tumor spheroids.75 Interestingly, CB5005 not

only penetrates cells but also enters their nuclei, thereby displaying

some potential in the treatment of glioblastoms. Indeed, CB5005

functions simultaneously as a CPP and as a tumor growth inhibitor. In

particular, when conjugated with doxorubicin, it exerted a synergistic

effect in the treatment of glioma.75

3.7 | The cyclic peptide TD-34

Cyclo (ACSSKKSKHCG) with a disulfide bridge between C2 and

C10.
76

The cyclic peptide TD-34 is another rationally designed CPP,

developed for transdermal cargo delivery through Caco-2 cells. It has

been stabilized against proteolytic cleavage by cyclization and is very

effective in transdermal transport of cargoes such as insulin.76 In par-

ticular, TD-34 was found to enhance the delivery of insulin across

Caco-2 cell monolayers.77

4 | AMPHIPHILIC PEPTIDES

4.1 | Designed peptides of the PepFect series

PepFect 14: Stearyl-AGYLLGKLLOOLAAAALOOlL-NH2.
78,79

PepFect 32: Stearyl-LLOOLAAAALOOLLTFFYGGSRGKRNNFK

TEEY- NH2.
80

O: nonproteinogenic amino acid ornithine.

Ülo Langel and his research group made many important contri-

butions to the development of effective and selective CPPs.78 In par-

ticular, this group created a series of PepFect peptides, derived from

the N-terminal sequence of galanin, for three purposes: first, to trans-

port different types of ribonucleic acids and mimics; secondly, to ame-

liorate tissue- or barrier-specific internalization; and third, to enhance

proteolytic stability.

Interestingly, peptides belonging to this series show minimal toxic

side effects. Therefore, for instance, a noncovalent complex of

PepFect 14 with siRNA was used for targeted gene silencing in human

stem cells,79 allowing to study gene function especially when hypo-

morphic knockdown is needed. Moreover, PepFect 14 can deliver

mRNA in cancer cell spheroids, as confirmed by efficient mRNA trans-

port into primary ovarian cancer cell explants.80 This peptide could

also transport mRNA mimics such as splice-switching oligonucleotides

into muscle cells and thus proves useful for the treatment of

Duchenne muscular dystrophy.81 Moreover, a PepFect 32-pDNA

complex exhibited high translocation and transcytosis through the

BBB, thereby displaying high transfection efficiency to glioma cells in

an in vitro model.82

Commonly, these peptides penetrate cells by binding class A

scavenger receptors, which facilitate the internalization of complexes

consisting of PepFect peptides and nucleic acids.83 However, to

further enhance uptake selectivity, an additional receptor was

exploited for transcytosis of PepFect 32 through the BBB and its

uptake in glioma cells. In fact, PepFect 32 was covalently bound to

the targeting ligand angiopep-2, which interacts with the low-density

lipoprotein related protein (LRP1) receptor. This construct could

deliver siRNA in human glioblastoma cells with higher efficiency than

the parent peptide PepFect 14.82 Furthermore, the Langels group

could significantly improve, through the use of peptides from the

PepFect family, the efficiency of telomerase-targeting cancer therapy.

Indeed, they could significantly lower the necessary concentration of

a commercial telomerase inhibitor.84

5 | ACIDIC SEQUENCES

5.1 | Azurin

Azurin is a 128-amino acid-long bacterial protein with cell-penetrating

activity that simultaneously inhibits multiple tumor-promoting path-

ways.85,86 It belongs to the family of monomeric copper-containing

enzymes. In addition to azurin and some variants from other microor-

ganisms, other bacterial products, such as pseudoazurin, plastocyanin,

mavicyanin, and rusticyanin, have been investigated for their cell-

penetrating properties.87,88 Azurin preferentially enters cancer cells,

where it exerts cytostatic and cytotoxic (apoptotic) effects with no

side effects for normal cells.89 In general, certain bacterial peptides

and proteins, including anticancer antibiotics, represent a promising

group of potential anticancer drugs.90,91 Interestingly, even the bacte-

rium Pseudomonas aeruginosa itself was used to treat cancer, in the

form of stents and catheters containing biofilms or in membrane-

encased devices.88

5.1.1 | Highly effective and selective partial
sequences of azurin

Azurin p18: LSTAADMQGVVTDMGASG.89

Azurin p28: LSTAADMQGVVTDMGASGLDKDYLKPDD.89,92

Azurin C-terminal fragment 88–113: GSGEKDSVTFDVSKLKEGE

QYMFFCT.93

Azurin C-terminal fragment 96–113: TFDVSKLKEGEQYMFCT.93,94

Cell-penetrating partial sequences of azurin derive from the

enzyme cupredoxin secreted by P. aeruginosa.85,86 For example, the

fragment p18 is a cell-penetrating peptide whose sequence consists

of residue 50 to 67 of azurin.89 This fragment represents the putative

transduction domain of the protein, responsible for penetration into

cancer cells. Azurins can enter neoplastic cells from lung cancer,

breast cancer, and melanoma, but they cannot enter noncancerous

cell lines.86 On the other hand, peptide p28, the longest azurin frag-

ment, going from residue 50 to 77, is less hydrophobic and proteolyti-

cally more stable than its shorter counterpart. This fragment acts as

an inhibitor of p53 ubiquitination and thus exerts anti-proliferative

activity,92,95 especially by inducing apoptosis of human cancer cells.
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Notably, in first-in-class, first-in-human phase I clinical trials, p28 has

been shown to display very little toxicity and high antitumor activity

in many advanced-stage cancer patients.96,97 For well-controlled clini-

cal treatment, a method was developed to determine the blood con-

centration of p28.98 The azurin fragment p28 contains six aspartic

acid residues and only one positively charged lysine residue; thus, it

belongs to the class of anionic CPPs. Fragment p18 is less negatively

charged, as it contains two aspartic acid residues.

On the other hand, the C-terminal sequence of azurin, from resi-

due 96 to 113, shows structural similarity to a ligand known as ephrin-

B2 and can bind the corresponding receptor, which is involved in

cancer progression. Thus, azurin, its fragment p28, and its C-terminal

fragments contribute to cancer growth inhibition.93 Furthermore,

when conjugated to nicotine, azurin acts as a radiosensitizer, enhancing

the efficacy of radiation treatment of lung cancer and other cancers in

which cells overexpress ephrin receptors.93 Azurin also enhances the

sensitivity of tumor cells to various chemotherapeutics94 by hijacking

intracellular signaling networks.11 Moreover, Metha et al.99 found that

p28 counteracts angiogenesis and tumor growth by inhibiting the

phosphorylation of VEGFR2, FAK, and AKT. According to Bernardes

et al.,11 azurin also exerts anticancer activity by interacting with multi-

ple targets and interfering with multiple steps of tumor progression.

For instance, treatment with azurin p28 triggered cell cycle arrest in

human breast cancer cells.100 A very promising finding is that peptide

p28 and an azurin-like protein called Laz, derived from Neisseria

meningitidis, exhibit high cytotoxicity towards glioblastoma cells, all-

owing the development of novel therapeutic approaches.101Moreover,

after intensive studies, the group of Das Gupta patented some azurin

fragments with low toxicity for their use in cancer prevention. How-

ever, in contrast to this group, Puni et al.,102 found that azurin can

induce apoptosis in macrophages in a caspase-dependent manner.

Very recently Sasidharan et al.103 proposed to use azurin and its

fragment p28, as anti-SARS-CoV-2 inhibitor. Peptide p28 exhibited a

strong affinity to the spike protein and ACE-2 receptor. Thus, this

peptide has a potential as therapeutic against SARS-CoV-2, mainly for

patients which do not respond to vaccines.

The mechanism of cell penetration of these anionic azurin pep-

tides has been investigated by Taylor89 and Yamada et al.,104 together

with their preferential uptake by cancer cells and the domains

required for their translocation. Taylor et al. postulated that the mech-

anism of cellular penetration and cancer cell selectivity of both azurin

fragments is unique relative to most other CPPs.89 Indeed, by combin-

ing inhibitors of discrete steps of the internalization process, these

authors suggested that azurin p18 and p28 penetrate human cancer

cells via a receptor-mediated endocytic process. However, azurin pep-

tides cannot interact with cell surface glycosaminoglycans like cationic

CPPs. Conversely, they preferentially penetrate cancer cells via

caveosome-mediated but also caveosome-independent pathways.

The azurin fragments p18 and p28 can also penetrate the plasma

membrane directly and reach late endosomes, lysosomes, and the

Golgi apparatus. These findings are consistent, to some degree, with

studies on the membrane transport of another class of anionic pep-

tides, type SAP(E) proline-rich peptides. Indeed, the interaction with

the negatively charged cell surface is not required for the internaliza-

tion of this family of peptides.105 However, these explanations are

not sufficient to elucidate similarities and differences in the uptake

pathways of different CPP types, nor to understand the specific path-

way for the uptake of azurin fragments.

On the other hand, pinpointing the conformational requirements

for the uptake of cationic, amphipathic, or anionic CPPs seems slightly

more difficult. Indeed, according to Frederic Heitz and Gill Divita,36

conformational versality seems to be crucial for efficient cellular

uptake. In our opinion, the penetration of the plasma membrane

requires a distinct conformational flexibility, including the ability to

assume a helical conformation when crossing the lipid bilayer. In con-

trast to this assumption, conformationally constrained cyclic CPPs

exhibit high internalization efficiency. Furthermore, we must consider

that CPPs and cargoes can form nanoparticles of different sizes and

zeta potentials and that such nanoparticles exhibiting CPPs at their

surface can penetrate membranes.

6 | CELL-PENETRATING PROTEINS WITH
SPECIFIC FUNCTIONAL PROPERTIES

6.1 | Avoiding endosomal entrapment or triggering
endosomal escape

In addition to their low cell and tissue selectivity, the entrapment in

endosomes is a major drawback of the use of CPPs from the first gen-

erations. Therefore, many attempts have been made to circumvent

this obstacle. On the one hand, auxiliary compounds such as chloro-

quine or even irradiation-activatable compounds can be added to

induce the release of CPPs from endosomes. For instance, in lipid-

based nanocarriers, the use of cationic lipids facilitates endosomal

escape. On the other hand, transport peptides can display partial

sequences to avoid entrapment or to promote their release into the

cytosol.106 Figure 3 shows the different ways of internalization into

live cells, the endosomal uptake with entrapment in endosomes and

release from endosomes and the direct internalization, too.

6.1.1 | Composed peptides with endosomal
leakage domains

Endosomal leakage domains such as CM18 can be fused to

the sequence of penetrating peptides, to obtain, for example,

CM18-HIV-TAT(47–57) and CM18-PTD-4. The sequence of CM18

derives from the hydrophilic N-terminal sequence (1–7) of cecropin A,

combined with the N-terminal sequence (2–12) of melittin. Interest-

ingly, even upon fusion with HIV-TAT(47–57), this conjugate retains its

structural and functional characteristics: it assumes a typical α-helical

secondary structure in hydrophobic environments, preserves the ability

to cross intracellular membranes, enables the translocation of

membrane-impermeable molecules, and shows no detectable

cytotoxicity.107
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CM 18-HIV-TAT(47–57)

YGRKKRRQRRR- KWYLFKKIGAVLKYLTTG.107

This hybrid peptide is applicable as a delivery vector for plasmid

DNA. For instance, Salomone et al.107 used this vector for successful

delivery of the plasmid pCMV-GLuc 2 into HeLa and CHO-K1 cells.

(His)6-CM18-PTD4

His-His-His-His-His-His-KWYLFKKIGAVLKYLTTG-YRAAARQARA.26

This peptide is composed of a histidine-rich domain fused to the

endosomolytic peptide CM18 (cursive) and the protein transduction

domain PTD4 (bold). Within a short co-incubation time, it can form

noncovalent complexes with very large functionally active proteins.

This rationally designed peptide promotes the delivery of cargo pro-

teins into difficult-to-transfect cells. For example, it can deliver

CRISPR-Cas9 and -Cpf1 ribonucleoproteins into human T-cell-derived

Jurkat cells and primary NK cells. Thus, it could enable the use of the

very promising CRISPR recombinant proteins for therapeutic

approaches, such as gene editing. This designed hybrid peptide can

also efficiently deliver functional proteins with gene-regulating activ-

ity, such as homeobox B4.26

6.1.2 | Single peptides with alternating chirality of
amino acid residues

In contrast to ligands for hormone receptors, CPPs seem to be less

sensitive to changes in their amino acid configuration. For example, in

the sequence of HIV-TAT, and also in oligo-arginine peptides the

L-arginine residues can be replaced by D-arginine residues without

loss of transport activity. Also, in azurin p28 D-amino acids could be

inserted in different positions. Firstly, Lättig-Tünemann et al.108 have

replaced in some linear cationic and also one cyclic peptide either all

L-amino acids by their D-configuration or used alternating chiralities.

These replacements leads in most cases to increased cellular uptake

and to localization in nucleus.

Oligo-arginine: rRrRrRRR.109

Cys-(HIV-TAT(47–56;r,R): C-YGRrRrRQRr-amide.23

Azurin fragment p28 with D-amino acids at different positions.110

The HIV-TAT(47–57) peptide is derived from the cell transduction

domain of the naturally existing transactivator of transcription (TAT)

protein of the human immunodeficiency virus type I (HIV I).111 The

use of HIV-TAT fragments for delivery of therapeutic agents and

nanoparticles into cells and tumors has been repeatedly vali-

dated.15,112 Moreover, some HIV-TAT fragments and oligoarginine

peptides with alternating chirality of arginine residues can release the

cargo directly into the cytosol without being entrapped in endo-

somes.108,109,113 However, we must consider that peptides with alter-

nating chirality of arginine residues assume a different conformation,

which influences solubility and enhances adhesion to surfaces.23

Indeed, D-amino acid replacement in the azurin p28 peptide can result

in a decreased intracellular uptake although its preferential uptake

into cancer cells is not altered.109 Finally, conjugation of CPPs to spe-

cial dendrimers, or to N-terminal HA2-subunit of the influenza virus,

also increases endosomal release.114

6.1.3 | Cyclic peptides

Cyclic (HIV-TAT), cyclic (HIV-TAT) with alternating chirality of amino

acids,

F IGURE 3 Endocytosis and transport
into cytosol
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cyclic (RRRRRRRRR).108,115,116

Cyclo(F-naphthylalanine-RRRRQ) and analogs.117,118

In some studies, it could be shown that cyclization of CPPs stimu-

lates not only the cellular uptake but also the release from endosomes

or triggers a nonendosomal uptake mechanism.115,116 Thus Pei's

group proposed for a cyclic cationic heptapeptide escape from early

endosomes by vesicle budding,117 whereas Hackenberger's group

assumes a nonendocytotic pathway for the investigated cyclic

peptide.115

6.1.4 | Peptides with intrinsic endosomal release:
Bindin fragments

B18: LGLLLRHLRHHSNLLANI.119

B55120:

KAVLGATKIDLPVDINDPYDLGLLLRHLRHHSNLLANIGDPAVREQVL-

SAMQEEE.

The bindin fragments B18 and B55 are partial sequences of a sur-

face protein of sea urchin sperm. B18 represents the amino acid

sequence 103–120 and B55 the sequence 83–137. Bindin triggers

the attachment of sperm to glycoconjugate receptors on the egg sur-

face and the fusion of egg and sperm plasma membranes.121

At first, research on bindin peptides focused only on the interac-

tion between sperm and egg, whereas they raised a renewed interest

for the penetration of human cells. B18 exhibits many similarities to

viral fusion proteins. Zink-ions promote formation of the active heli-

cal conformation. B18 represents the “minimal membrane-binding

and fusogenic motif.”120 Both peptides, B18 and B55, can self-

assemble in lipid bilayers and transport biomacromolecules. Thus, an

enhanced green fluorescent protein (EGFP)-fused B55 peptide was

developed to promote the intracellular uptake of coadministered bio-

macromolecules such as dextrans, monoclonal single-chain anti-

bodies, and even pDNA into human cell lines.120,122 Moreover, both

peptides can perform not only endosomal escape but also nuclear

translocation.120

6.2 | Transporters for thermally targeted cargo
delivery

CPP fusion proteins with elastin-like peptides (ELPs) (Val-Pro-Gly

Xaa-Gly)n
123

Xaa: guest residue, any proteinogenic amino acid except Pro

Elastin-like peptides (ELPs) are bioengineered and biocompati-

ble proteins that, when conjugated to CPPs, can act as carriers for

delivery of therapeutic peptides with temperature- and pH-

dependent properties.124 Their basic structure derives from a

sequence repeat (Val-Pro-Gly-Xaa-Gly) found in the mammalian

elastin protein. ELPs undergo temperature-dependent inverse phase

transition125 and accumulate in tumors upon exposure to externally

focused heat (40–42�C).123 For example, ELPs conjugated to anti-

body fragments against the epidermal growth factor receptor

(EGFR) through self-assembly of nanoparticles can mediate NIR-

light-induced cell killing. Therefore, ELPs are considered, together

with CPPs, potential carriers for thermally targeted delivery of ther-

apeutic peptides.126

6.3 | Specific transport into neuronal cells

6.3.1 | RDP KSVRTWNEIIPSKGCLRVGGRCHPHV
NGGGRRRRRRRRRRR.127

The recombinant fusion product RDP consists of 39 amino acids

derived from the rabies virus glycoprotein (RVG) fused with a nona-

arginine residue at the C terminus. RVG is the only known protein

component that interacts specifically with neuronal cells. The nerve-

binding region of the new peptide RDP was partially taken from the

residues 189–214 and 330–357 of the glycoprotein RVG, which guide

viral entry into neuronal cells. Thus, the protein RDP enables the

delivery of fused proteins into neuronal cells, such as the glial cell-

derived neurotrophic factor (GDNF). Notably, this fusion protein

exhibits a neuroprotective effect in Parkinson's disease animal models.

The uptake of these RDP fusion proteins seems to occur through

GABA receptors.127

6.3.2 | Tumor-homing peptide LyP-1:
CGNKRTRGC linear or with S-S- bridge between
N1 and N9128

The tumor-homing peptide LyP-1 recognizes neuropilin receptors

expressed in glioma tumor tissues. Its linear form displays enhanced

penetrating properties compared to the cyclic peptide. However,

both forms can interact with cells of breast cancer, prostate cancer,

tumor vasculature, and glioma. Moreover, they promote the pene-

tration of drugs into these tumors, even when non-covalently

bound.

6.4 | Stabilization against proteolytic degradation

Since peptides can be degraded bymany different proteases in the skin,

blood, intestinal tract, organs, and tissues, CPPs should be stabilized

against enzymatic degradation. For this reason, their N- and C-terminus

or peptide backbone can be modified by fatty acylation or

amidylation,78,79,129 and certain amino acid residues in their sequence

can be replaced by residues in D configuration23,109,110 or by non-

proteinogenic amino acids and moieties.78,79,129,130 For example, pep-

tides can be cyclized through the formation of disulfide or lactam

bridges,48,49,65,76,130,131 or even by modification or cyclization of the

peptide backbone.132–135 Qian et al.117 tested even the oral bioavail-

ability of an applied cyclic hexapeptide by studying time dependent

plasma concentrations after oral administration. In many cases,
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coupling to polymers enhances the body circulation time sufficiently

for navigation to the target tissue and drug delivery.12–17,133,136,137 A

very simple and intelligent example is the use of the guanidine-rich car-

rier D-sorbitol-3-(guanido moiety)8, which is proteolytically stable and

more efficient in the internalization of cargoes than octa-arginine.138 In

our opinion, this stable and efficient compound also provides a poten-

tial method for reducing the costs of clinical application of CPPs.

7 | CONCLUSIONS AND PROSPECTS

Cell-penetrating peptides are promising agents for disease diagnosis

and therapy because they can drive cell- and tissue-specific internali-

zation of diagnostic labels and therapeutics into live target cells. To

positively identify the most effective CPPs for clinical trials, it is rec-

ommended to use cellular 3D models. Moreover, the transduction

domains of proteins from venoms, viral proteins, such as RVG, and

bacterial proteins, such as azurin, can be exploited to transfect cells

selectively. Thus, peptides from the new generation are either derived

from these natural sources or designed as hybrid peptides with

domains of different functions. These peptides exhibit intrinsic or

activatable cell and tissue selectivity and preferences for cargo types.

The necessity of combining various properties in one molecule,

such as high transport efficiency, effective escape from or release

from intracellular vesicles, enhanced proteolytic stability, and easy

handling, has led to the development of complex hybrid structures.

For instance, fusion proteins allow the combination of sequences

performing different functions; alternatively, efficient CPPs can be

coupled to multifunctional nanoparticles. An advantage of conjuga-

tion to nanoparticles is the improvement of tissue selectivity, which

can be achieved through coupling with ligands for target-specific

binding proteins, such as tumor-specific receptors. In addition,

together with topical administration, local thermal activation or irradi-

ation of these carriers can be used for highly selective diagnosis and

therapy. A realistic goal for the next future is the improvement of

classical drugs through their CPP-mediated delivery into specific tis-

sues and organs.

Detection of tumors and small metastases requires not only

highly selective CPPs or conjugates, but also their coupling with highly

sensitive labels and the use of highly sensitive detection methods

such as NIR-fluorescence scanning and NMR tomography. Therefore,

broadening the clinical use of CPPs requires the development not only

of highly sensitive labels but also of new and more sensitive detectors,

such as human-body NIR-fluorescence scanners.

Furthermore, owing to their ability to mediate the transport of

antibiotics and antimicrobial oligonucleotides into infected cells, CPPs

can help to treat infections of multidrug-resistant bacteria. In addition,

since CPPs can penetrate barriers, their use can allow to replace

repeated injections with various kinds of painless, safe, and needleless

drug administration. Finally, some CPPs are promising drug trans-

porters for the treatment of glioblastomas, other neurodegenerative

diseases, and eye diseases.

However, more effective CPPs need to be developed for in order

to better manipulate hardly to transfect cells, such as stem cells, mac-

rophages, and antigen-presenting cells, especially at the time of the

pandemic coronavirus disease COVID-19.

On the other hand, the development of CPPs as transport vehicles

for drugs suffers from a lack of theoretical knowledge for predicting the

most suitable CPPs for the chosen cargo and target tissue. In fact, pre-

diction of sequences with optimized functions is only possible for struc-

turally homogenous groups of CPPs, cargoes, and tissues. Therefore,

manifold experimental trials are necessary for optimizing the combina-

tions of CPPs, cargoes, and target tissues or organs.

Future research should focus on diseases for which other therapies

have failed so far. Furthermore, CPPs can be applied for the improve-

ment of classical drugs by tissue-specific delivery into cells or cell

organelles and for the transportation of drugs through barriers such as

the skin, the BBB, and the cornea, lens, and conjunctiva of eyes. Based

on the current preclinical and clinical trials, the most promising fields

for clinical application of CPPs seem to be the treatment of infarct, neu-

rodegenerative processes, muscle dystrophy, inflammation, thrombo-

sis, eye diseases, and different kinds of cancer: brain, cervix, breast,

ovarian, prostate, melanoma, thyroidal, and pancreatic cancer.

For an improved stability against proteases, better handling, and

especially for an enhanced tissue selectivity, certain CPPs can be con-

jugated to polymers or nanoparticles. However, to conjugate the right

CPPs to the right polymer or nanoparticle, biodistribution and phar-

macodynamic studies should be performed for CPPs, nanoparticles,

and conjugates. In summary, CPPs should be further improved in

order to develop self-navigating, biocompatible particles for drug

delivery into targeted tissues.

These complex requirements, together with the expected high

cost of CPPs, may explain why after about 30 years from the discov-

ery of the first CPP, none of them has been approved by the FDA.

Indeed, the use of CPPs as vectors for vaccination suffers not only

from high cost but also from the necessity of transducing or

transfecting immune cells, which are hardly to transfect cells.
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