
Vol:.(1234567890)

Arch. Pharm. Res. (2023) 46:18–34
https://doi.org/10.1007/s12272-022-01425-y

1 3

REVIEW

Recent advances in selective and targeted drug/gene delivery 
systems using cell‑penetrating peptides

So Hee Nam1 · Joonhyuck Park2 · Heebeom Koo2,3   

Received: 13 October 2022 / Accepted: 27 December 2022 / Published online: 3 January 2023 
© The Pharmaceutical Society of Korea 2023

delivery systems should be addressed carefully before clini-
cal use.
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Introduction

Many therapeutic agents have been developed and used 
to treat various diseases. However, the cell membrane 
that drugs must pass through to exert their therapeutic 
effect is a strong barrier that allows only specific sub-
stances to enter. Since the early 1980s when recombinant 
human insulin was first approved by the US Food and 
Drug Administration (FDA) for the treatment of diabe-
tes mellitus, the interest in not only recombinant proteins 
but also biologically active molecules such as oligonu-
cleotides and peptides has increased (Roberts et al. 2020; 
Muttenthaler et al. 2021). However, due to the hydrophilic 
nature of many bioactive molecules, they have difficulty 
passing through the cellular membrane. Therefore, many 
attempts have been made to overcome these limitations. 
In the late 1980s, it was reported that the transactivator of 
the transcription (TAT) protein of the HIV-1 virus pen-
etrated the cell membrane in vitro (Green and Loewen-
stein 1988). Subsequently, in 1994, the homo-domain of 
Antennapedia, a Drosophila melanogaster homoprotein, 
was also reported to pass through cells (Derossi et al. 
1994). Thirteen amino acid sequences corresponding to 
the residue 48–60 of TAT were found to play a key role 
in cellular uptake (Vivès et al. 1997). After that, peptides 
that pass through the cell membrane like TAT were com-
monly defined as cell-penetrating peptides (CPPs). CPPs 
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are generally composed of 5–30 amino acids and pass-
through cells and tissues by various mechanisms. The high 
permeability of CPP through the cell membrane even with 
companion drugs was a breakthrough that could overcome 
the limitations. Many published studies have reported the 
application of CPPs as drug delivery carriers to various 
diseases such as cancer, stroke, muscular dystrophy, bac-
terial infection, vaccine, etc. (Guidotti et al. 2017; Zhang 
et al. 2021; Buccini et al. 2021; Sadeghian et al. 2022).

CPPs can be classified by their origin, sequence, struc-
ture, function, etc. Various libraries of CPPs have different 
chemical and structural properties depending on the type 
and arrangement of amino acids and are categorized into 
cationic, anionic, amphipathic, and hydrophobic peptides. 
A highly positively charged cationic peptide is mainly com-
posed of basic amino acids such as arginine and lysine. TAT, 
penetratin, and polyarginine are representative examples 
(Kurrikoff et al. 2016). Cationic CPPs have an electrostatic 
interaction with negatively charged carboxylic, phosphate, 
and sulfate groups of the cell membrane, and then enter the 
cell through various mechanisms.

Amphipathic CPPs have an arranged structure in which 
polar and nonpolar amino acids are ordered structurally 
(Hyun et al. 2018; Feger et al. 2020). Generally, lysine and 
arginine constitute the polar region, and valine, leucine, and 
alanine constitute the nonpolar region. More specifically, 
amphipathic CPPs are classified into primary, secondary, 
and proline-rich CPPs. Hydrophobic CPPs are typically 
composed of nonpolar amino acids and interact with the 
hydrophobic region of the cellular membrane and are rep-
resented by K-FGF, C105Y, and gH625 (Tréhin and Merkle 
2004; Rhee and Davis 2006; Falanga et al. 2015). Although 
not completely understood, they may translocate by an 
energy-independent mechanism.

Various CPPs enter cells or deliver various cargos such 
as proteins, peptides, genes, and small drugs. However, it is 
very difficult to determine the cellular uptake mechanism 
of CPP. The penetrating mechanisms are very complex and 
diverse. Many reports indicate that cellular uptake mecha-
nisms depended upon not only the type of cargo delivered 
but also various experimental conditions such as concentra-
tion, temperature, and pH. The processes of basic cellular 
uptake consist of steps that include interaction with the cell 
surface, the internalization process, and release to the target 
site. Many CPPs have a cationic character and the initial pro-
cess begins through an electrostatic interaction with anionic 
groups of the cell membrane. In the next step, the internali-
zation processes are very important and various mechanisms 
are reported to be involved, such as the carpet-like model 
(Xiao et al. 2018), transient pore model (Herce et al. 2009), 
and inverted micelle model (Kawamoto et al. 2011; Xu et al. 
2019; Ruseska and Zimmer 2020) (Scheme 1). However, 
there are still several uncertain and controversial issues, and 

many studies have found that CPPs use various pathways 
rather than a single mechanism.

CPPs are highly effective as drug delivery tools and have 
potential for multiple uses. However, most CPPs have cati-
onic properties and can be toxic to the target region as well 
as other organs and tissues. In addition, CPPs are easily 
deactivated due to protease attacks in living systems, result-
ing in low stability and short half-life (Munyendo et al. 
2012; Reissmann 2014). For example, when various CPPs 
were administered to tumor-induced mice and observed 1 h 
later, only about 1% remained (Sarko et al. 2010).

Since CPPs were discovered, many related studies have 
been conducted for 30 years. In the early stage, the research 
mainly focused on identification of properties and mecha-
nisms and enhancement of cellular uptake capacity (Xu et al. 
2019). After the characteristics and mechanisms of CPP 
were revealed, studies focused on the stability, target selec-
tivity, enhanced activity, increasing target types, and the pos-
sibility of clinical application (Heitz et al. 2009; Gallo et al. 
2019). Many studies have been conducted using strategies 
such as cargo-CPP conjugated system, non-covalent com-
plex type delivery system of various drugs or nucleic acids, 
active targeting strategy, development of specific signal acti-
vatable CPPs, and multifunctional system combining vari-
ous features (Kurrikoff et al. 2016; Kim et al. 2021). These 
strategies were validated in vivo through animal models.

Recently, new combination strategies have been applied in 
the research of drug delivery systems to maximize delivery 

Scheme  1   Schematic representation of the proposed internalization 
mechanisms of CPP-cargo
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of many cargos. In this review, we introduce recent articles 
that have developed and studied CPPs for selective and tar-
geted drug delivery of various kinds of cargo (Scheme 2).

CPP‑based targeting strategies

CPPs are very useful for increasing the cellular uptake of 
various cargos but generally have little cell specificity. In 
particular, a topical treatment or a direct injection system to 
the target site is quite applicable, but in other drug delivery 
cases such as intraperitoneal injection, intravenous injec-
tion, and oral administration, because the administration 
site and the target region do not match, drug accumulation 
at unexpected site increases, resulting in poor efficacy and 
many side effects. Therefore, rational strategies to overcome 
these limitations are needed for more specific biomedical 
applications and selective delivery. Many studies in progress 
are using specific environmental characteristics around the 
disease lesion such as pH conditions and overexpression of 
specific enzymes.

For example, acidic pH is the most common environ-
ment for tumors. In the tumor and disease-related tissues, 
the expression levels of disease-specific enzymes and mem-
brane proteins are also significantly higher than in normal 
tissues. The differences in pH and expression level of bio-
molecules can be used as a key for enhancing the CPP-based 
drug delivery efficacy at the specific target sites. With these 
targeting strategies, CPP-mediated drug delivery can be used 
in various biomedical applications (Table 1).

pH‑responsive change

One of the main strategies to increase the selectivity of the 
target site is to modify the CPP so that chemical or physical 
characteristics can be changed and delivered according to the 
environment of the target site. In general, the pH of a normal 
living body is 7.4, but in a specific inflammatory region of 
a lesion or cancer site, the pH becomes acidic (5.5–6.0). 

Controlling the cellular uptake efficiency of CPPs at a spe-
cific pH is a well-known method and is a very useful strategy 
to deliver the desired cargo selectively. Among the amino 
acids that constitute CPPs, histidine with the imidazole ring 
group is neutral at normal pH 7.4 but has a cationic charge 
at pH 6.0 or lower. Modified CPPs with histidine have been 
developed for pH-activatable drug delivery.

Malignant melanoma is a very aggressive and therapy-
resistant cancer that is treated mainly by chemotherapy. 
However, there are many difficulties in using chemotherapy 
due to strong side effects, drug resistance, and poor malig-
nant cell targeting. To complement this, studies on treatment 
methods that use combined chemotherapy are being actively 
conducted. Huang et al. (2020) tried to increase therapeutic 
effects against malignant melanoma by using a combination 
therapy of tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) and paclitaxel (PTX) (Fig. 1). They devel-
oped a targeting delivery system, TRAIL-[Lip-PTX]C18-TR, 
tailored to melanoma and an acidic tumor environment to 
increase the efficacy of the drug. First, PTX was encapsu-
lated in a conventional liposome, and CPPs and TRAIL 
were introduced on the surface. CPPs were newly devel-
oped by connecting a pH-responsive peptide and stearic 
acid modified αvβ3 integrin binding CPP, TR (C(RGDfK)-
AGYLLGHINLHHLAHL(Aib)HHIL- Lys-C18). Histidine-
based pH-responsive C18-TR peptides selectively delivered 
liposomes to tumors and increased the release of PTX and 
TRAIL. In experiments using B16F10 melanoma cells 
in vitro, the IC50 of the TRAIL-[Lip-PTX]C18-TR treated 
group was 4.91-fold higher than the TRAIL-[Lip-PTX] 
treated group at pH 6.3. In addition, in vivo experiments 
using B16F10 melanoma-bearing C57 BL/6 mice found that 
TRAIL-[Lip-PTX]C18-TR treated mice had strong tumor 
reductions of 95.3% compared with the 67.7% of the group 
administered with TRAIL-[Lip-PTX].

Artemisinin (ART) is used as an antimalarial drug but 
in addition to the treatment of malaria, ART is also used 
as a treatment for cancer and inflammatory diseases. How-
ever, ART has limited clinical applications due to its low 

Scheme 2   Schematic illustra-
tion of cell-penetrating peptide 
(CPP)-based delivery of cargos 
and strategies for enhanced 
specificity
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Table 1   Targeting strategies of CPP-based drug delivery systems to enhance specificity

Targeting strategy Target activatable/
specific moiety

Drug information CPP Disease/application References

pH-responsive 
change

Integrin binding 
peptide (RGDfK) 
pH-responsive 
CPP

Paclitaxel (PTX) 
Tumor necrosis 
factor-related 
apoptosis-
inducing ligand 
(TRAIL)

TR (C(RGDfK)-
AGYLLGHINLHHLAHL(Aib)HHIL- 
Lys-C18)

Melanoma Huang 2020

pH-responsive CPP Artemisinin (ART) HE-R6 (CHEHEHEHEHEHEHEHEHE-
HEGGGGR​6)

Breast cancer Yu 2021

pH-responsive CPP Paclitaxel (PTX) LH2 dimeric peptide (LH2, LHHLCHLL-
HHLCHLAG, dimer via two disulfide 
bridges)

Breast cancer Nam 2021

Enzyme-triggered 
cleavage

Autophagy-specific 
enzyme (ATG4B)

Dodetaxol (DTX) 
chloroquine (CQ)

ATG4B substrate linked R9 (GTFGFRRR​
RRR​RRR)

Melanoma Wang 2022

Matrix metal-
loproteinase 9 
(MMP9)

Paclitaxel (PTX) MMP9 substrate linked 
TAT(GRKKRRQRRRPQPLGLAGGC)

Breast cancer Yin 2021

Matrix metal-
loproteinase 9 
(MMP9)

Cyclosporin A 
(CsA)

MAP (RRR​RRR​
RRRPVGLIGEGGEGGEGG)

Traumatic brain 
injury

Chen 2020

Multiple targeting 
ligands

Prohibitin-targeting 
peptides (CKG-
GRAKDC)

Rosiglitazone 
(Rosi)

R8 (RRR​RRR​RR) Obesity Hiradate 2021

HER2 affibody 
(ZHER2)

Doxorubicin 
(DOX)

Dimeric LK peptide (LKKLLKLLK-
KLLKLGGLKKLLKLLKKLLKLAG)

BT474 breast 
cancer

Chong 2021

Integrin targeting 
peptide (cyclic 
RGDfK)

Ovalbumin Penetratin (RQIKIWFQNRRMKWKK) Oral immunization Surwase 2022

Fig. 1   Schematic illustration of the basic structure of TRAIL-[Lip-PTX]C18-TR and the mechanism of sequential tumor-site delivery. Reprinted 
with permission (Huang et al. 2020)
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solubility in water. Sun’s research group confirmed that 
ART had no effect at low micromolar concentrations and 
developed a pH-responsive targeted drug delivery system 
containing ART (Yu et al. 2021). A strategy of histidine-
containing CPPs was used to increase the uptake efficiency 
under low acid conditions. First, ART was encapsulated 
in a liposome composed of cholesterol, SPC, and DSPE-
PEG2000. Then the surface of the liposome was modified 
by (HE)10-G5-R6 CPPs (CHEHEHEHEHEHEHEHE-
HEHEGGG​GRR​RRRR) to develop an ART-loaded and 
surface-modified liposome (ART-Lip-HE-R6). By in vitro 
experiments with 4T1 cells, coumarin 6-loaded Lip-HE-R6 
was mainly uptaken through clathrin-dependent endocytosis 
(62.49%). Lip-HE-R6 was confirmed to have a strong selec-
tive uptake at pH 6.5 rather than pH 7.4 compared to that of 
Lip-R6 without HE sequences. Even in tumor-bearing mice, 
DiR-loaded Lip-HE-R6 was tumor localized at a higher rate 
than DiR-loaded Lip-R6. In mice experiments in vivo, as 
well as being delivered at a high rate to the tumor location, 
the therapeutic effect was also higher than that of Lip-R6 
which did not introduce HE, thereby overcoming the limita-
tions of ART and demonstrating the possibilities of selective 
drug delivery.

Various CPPs and modified CPPs for targeted delivery 
generally operate at micromolar concentrations in vitro. 

On the other hand, LK CPP composed of lysine and leu-
cine showed an effect at very low and tens of nanomo-
lar concentrations. LK becomes a dimer connected by a 
disulfide bridge or helix loop helix structure. Both CPPs 
were confirmed to enter the cell at nanomolar concentra-
tions. Nam et al. (2021) developed LH dimeric CPP (LH2, 
disulfide bridged dimer of LHHLCHLLHHLCHLAG) in 
which the lysine of the LK dimer was substituted with 
His (Fig. 2). LH2 was not only converted into a cationic 
charge at low pH but also underwent a structural change 
with increased helicity, showing pH responsiveness. As 
a result of examining the toxicity of various drugs in the 
form of conjugation and simple mixing with LK dimer 
in MDA-MB-231 cells, both showed higher cytotoxicity 
compared with the control group in weakly acidic condi-
tions. In an MDA-MB-231 bearing mice model, when the 
LH2 dimer and LK2 dimer conjugated with Cyanine 5.5 
were injected intravenously, LH2 showed a higher tumor 
localization rate as well as higher blood residual concen-
tration. Above all, in a therapeutic effect experiment using 
tumor-bearing mice, both the conjugation of PTX and CPP 
(PTX-LH2(C)) and simple mixing (PTX-LH2(M)) showed 
a high antitumor effect even at low concentrations. This 
demonstrated the high possibility of selectively delivering 
with simple methods.

Fig. 2   Schematic representation of pH-activatable penetration of cell-penetrating peptide, LH2, into the acidic tumor region. Reprinted with 
permission (Nam et al. 2021)
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Enzyme‑triggered cleavage

Another strategy for site-specific drug delivery is to target 
a substance overexpressed around a specific disease lesion. 
In particular, CPPs can be modified by introducing an over-
expressed enzyme substrate and this can be a key to switch-
ing on/off cellular uptake of the CPPs or the release of the 
cargo, therefore, this could be a good strategy for targeted 
drug delivery. A large number of peptide sequences serve 
as substrates for overexpressed enzymes around disease 
lesions. Many studies have been conducted on CPPs fused to 
specific enzyme-cleavable peptides and applied to enzyme-
responsive drug delivery carriers.

Tumor cells in deep tissue have a higher autophagy level 
than tumor cells in surface, and ATG4B, an autophagy-spe-
cific enzyme, is extensively expressed in deep tumor cells. 
The peptide fragment of the LC3 protein, GTFGF sequence, 
was a specific substrate of ATG4B, and was strongly sensi-
tive to ATG4B. Wang et al. (2022) developed an autophagy-
responsive CPP (GR9, GTFGFRRR​RRR​RRR) to target 
ATG4B, and PLGA-based autophagy-responsive multifunc-
tional nanoparticles (PGNs) were combined with it. They 
synthesized enzyme-cleavable CPPs (DSPE-PEG2000-GR9) 
by conjugation with GTFGF, DSPE-PEG2000, and R9. PGNs 
were manufactured by mixing DSPE-PEG2000-GR9, PLGA 
polymer, docetaxel (DTX, a chemotherapy drug), and chlo-
roquine (CQ), an autophagy inhibitor. PRN, nanoparticles 
using R9 instead of GR9, were also tested. For in vitro exper-
iments, coumarin 6 loaded PGN stayed longer in B16F10 
cells and also showed a higher uptake ratio in the B16F10 
spheroid model. In a cytotoxicity test using CQ and DTX-
loaded PGN and PRB, the PGN treated group had an IC50 
value of 72.04 µg/mL, whereas the IC50 value of the PRN 
treated group was 118.85 µg/mL in 3D tumor spheroids. 
The PGN group also showed a higher therapeutic effect than 
other groups in therapeutic experiments in vivo.

Tumor associated neutrophil extracellular traps (NETs) 
are involved in both the progression and prognosis of various 
tumors. Inhibition of NET development can be an advantage 
in tumor inhibition. Matrix metalloproteinase 9 (MMP9) is 
a component of NET and has been studied as a substance 
for enzyme-cleavable targeting. Therefore, MMP9-cleavable 
CPP can be manufactured by adding MMP9-substrate pep-
tides to CPP. By combining CPP with drugs or other func-
tional materials, it is possible to ‘switch on’ cellular uptake 
and drug delivery under MMP9-rich conditions. Yin et al. 
(2021) developed an enzyme-cleavable targeted delivery 
system for the inhibition of malignant tumor growth desig-
nated as mP-NPs-DNase/PTX (Fig. 3). First, they prepared 
self-assembled PTX nanoparticles by conjugating PTX with 
a stearyl group via disulfide. Then, DNase I was conjugated 
to the MMP9 substrate peptide (PLGLAGGC) linked to TAT 
and used as a shell of PTX nanoparticles. In A549 cells, the 

intensity of coumarin-6, the encapsulated substance in the 
nanocarrier introduced with the MMP9 substrate sequence, 
was much higher than in other groups. The MMP9 substrate 
peptide (PLGLAGGC) linked CPP (TAT) acts as a navigator 
for selective delivery. Then, MMP9 degraded the peptides 
and DNase were released, following the degradation of the 
NETs. TAT exposure enabled PTX to enter the cell. In a 
4T1 tumor mice model, the mouse group using the mP-NPs-
DNase/PTX nanocarrier showed a higher inhibition in both 
tumor formation and lung metastasis.

The most important mediator in preventing and treating 
secondary damage in traumatic brain injury (TBI) is the 
mitochondria. Cyclosporin A (CsA), a neutral cyclic poly-
peptide consisting of 11 amino acids, is the most promising 
neuroprotective therapeutic that maintains the integrity of 
mitochondrial function. It is difficult for CsA to enter the 
TBI region in sufficient amounts due to hydrophobicity and 
strong binding to plasma protein. In addition, high doses 
can lead to side effects such as neurotoxicity, nephrotoxicity, 
immunosuppression, and hepatotoxicity. Therefore, targeted 
delivery is required to bring about a neuroprotective effect. 
As a solution, Chen et al. (2020) developed CsA-loaded 
multifunctional nanocarriers, an MMP9-sensitive CPP-dec-
orated reconstituted lipoprotein (CsA-MCRL). They devel-
oped a fusion peptide that combined an MMP9 activatable 
cell-penetrating peptide (MAP, RRR​RRR​RRR-PVGLIG-
EGGEGGEGG) and an apolipoprotein mimic α-helix pep-
tide (AC-FAEKFKEAVKDYFAKFWD) with a GSG linker. 
Then, the fusion peptide was bound to the surface of a lipo-
protein biomimetic nanocarrier encapsulated with CsA. 
When TBI occurs, MMP9 expression increases, and the 
blood–brain barrier (BBB) opens. When DiR-labeled MCRL 
was applied to primary astrocytes and neurons with MMP9, 
both cellular uptake and localization on mitochondria were 
increased (0.84 of CsA-MCRLs, 0.46 of CsA-RLs). When 
cells were treated with oxygen-glucose derivatives and then 
treated with CsA-MCRL, it was shown that mitochondrial 
potential and neuron cell viability were restored compared 
to that of the CsA alone group. In addition, the intensity 
of DiR-labeled MCRL increased accumulation in the brain 
after intravenous injection into CCI mice.

Multiple targeting ligands

The active targeting ability of CPP conjugated drugs or 
vehicles is important in enhancing drug delivery efficacy 
in specific cells and reducing non-specific delivery. One of 
the most straightforward methods for cell-specific delivery 
is a direct conjugation of specific cell-targeting moieties 
along with CPP itself or CPP decorated vehicles. Obesity is 
excessive fat storage in the body, resulting from an impaired 
balance between energy intake and expenditure. There is no 
approved drug for obesity treatment that can increase energy 
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spending. Brown adipose tissue (BAT) is a primary site of 
energy expenditure through thermogenesis. Transforming 
white adipose tissue (WAT) to BAT can be a promising strat-
egy for obesity treatment. Hiradate et al. (2021) reported 
a white adipocyte-targeted CPP-mediated drug delivery 
system. They synthesized rosiglitazone (Rosi)-loaded nan-
oparticles (Rs-NPs) and functionalized the Rs-NPs with 
prohibitin-targeting peptides (CKGGRAKDC, PTNP) on 
the surface ligands of WAT and CPP moieties composed 
of octaarginine, R8. The dual target Rs-NPs (Rs-R8-PTNP) 
showed significantly higher intracellular delivery efficiency 

than CPP-free PTNP. Mature adipocyte-specific delivery 
of Rs-R8-PTNP was also confirmed by flow cytometry and 
confocal laser scanning microscopy (CLSM). Compared 
with a non-treated obese mouse model, Rs-R8-PTNP sig-
nificantly reduced body weight (~ 7%) of the obese mouse 
model with no difference in food intake, and an upregulated 
fat browning marker (Ucp1) was confirmed by qRT-PCR.

Affibodies are small, engineered proteins (~ 6 kDa) com-
posed of a few tens of peptides that can specifically target 
protein, imitating monoclonal antibodies (~ 150 kDa). To 
introduce cell-specific uptake ability, affibody conjugation 

Fig. 3   Schematic representation of MMP9 responsive mP-NPs-DNase/PTX construction and NET regulation to enhance the inhibition of 
malignant tumor growth and distant metastasis. Reprinted with permission (Yin et al. 2021)
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on CPPs and CPP-functionalized drugs are attractive meth-
ods for efficient antitumor therapy. However, chemical 
conjugation methods might affect the 3D structure of the 
affibody and lower its binding affinity on target proteins. 
Chong et al. (2021) developed a fusion protein of HER2 
affibody and alpha-helical CPP (LK-2-ZHER2) (Fig. 4). LK-
2-ZHER2 showed a selective penetrating ability for HER2 
positive SKBR-3 cells, which was 12 times more efficient 
than HER2 negative HCC-1937 cells. The CPP fusion 
protein does not require any additional chemical reaction 
that might affect the binding affinity of the HER2 affibody 
(Kd = 22 pM). They conjugated doxorubicin (DOX) with 
LK-2-ZHER2 (LK-2-ZHER2-DOX) and evaluated the drug effi-
cacy under both cultured cell levels and a 3D spheroid cell 
system. Cell-specific drug efficacy of LK-2-ZHER2-DOX was 
confirmed by the cytotoxicity comparison between HER2 
positive and negative cell lines. Penetration into the deep 
center of the 3D spheroid was also enabled by LK-2-ZHER2, 
whereas the HER2 affibody itself showed limited penetra-
tion in the peripheral region of the 3D spheroid. They also 

confirmed the LK-2-ZHER2 mediated drug delivery for selec-
tive targets in vivo. Using a tumor xenograft mouse model, 
a higher accumulation of Cy5.5 labeled LK-2-ZHER2 HER2 
positive tumor over the HER2 negative tumor was confirmed 
by both an in vivo imaging system and CLSM.

Oral vaccination is one of the most efficient immunization 
methods for producing both mucosal IgA and serum IgG. 
Extensive intestine immune responses, such as recruiting 
M-cells through follicle-associated epithelium (FAE), can 
be initiated through the largest surface area of gut-associated 
lymphoid tissue. Despite the convenience of oral administra-
tion, several obstacles, which include low absorption rate 
and specificity, limit the number of developed oral vaccines 
for human use. Surwase et al. (2022) synthesized a chitosan-
based tandem polymer conjugated with a mucus-penetrating 
polymer (low-molecular polyethylene glycol), CPPs, and 
integrin receptor targeting moieties (cyclic RGDfK peptide) 
for M-cell-specific delivery. They prepared vaccine micro-
particles (termed NiMOS) composed of alginic acids, oval-
bumin (OVA), and cationic chitosan-based tandem polymers 

Fig. 4   LK-2-ZHER2 fusion pro-
tein as a selective cell-penetrat-
ing affibody for drug delivery 
in HER2 overexpressing cancer 
cells. Reprinted with permission 
(Chong et al. 2021)
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via emulsification and ionic gelation. The NiMOS showed 
efficient OVA loading at acidic pH (pH 1.2) and an OVA 
releasing property at neutral pH (pH 6.8). Efficient cellular 
uptake of FITC labeled OVA contained NiMOS was con-
firmed by CLSM and flow cytometry, and NiMOS showed 
marginal cytotoxicity on the human intestinal epithelial 
cell line. In addition, the NiMOS showed M-cell homing 
permeability in both cultured M-cell models that mimicked 
the FAE transportation in the intestine and mouse models. 
After the immunization of NiMOS, the production of serum 
IgG and mucosal IgA was significantly increased through 
induction by Th1 and Th2 cytokines from CD4+ and CD8+ 
T cells.

Application of the CPP‑based delivery system

We summarized the various strategies that employ the spe-
cific targeting ability to the CPP-based cargo delivery sys-
tem (Table 2). Based on these strategies, different types of 
cargo, such as drugs, genes, proteins, and nanoparticles can 
be delivered specifically for curing cancers and diseases with 
fewer off-target events. Here, we showed that such cargo in 
the CPP-mediated delivery platform can be used for specific 

biomedical applications, including anticancer and muscular 
dystrophy therapy.

Small molecule drugs

FDA approved small molecule drugs have been extensively 
used in cancer therapy for decades.The half life of small 
molecule drugs is usually too short to effectively treat cancer 
cells in vivo. Poor membrane permeability of FDA-approved 
small molecule drugs (e.g. oxaliplatin) limits their cancer 
treatment efficacy. In turn, an excessive dose of small mol-
ecule drugs is often required to treat cancer tissues. How-
ever, several small molecule drug candidates exhibit off-
target cytotoxicity. The cytotoxicity could induce critical 
side effects, which is the main reason for clinical trial fail-
ure. Singh et al. (2021) developed octaarginine-oxaliplatin 
conjugates (CPP-Oxal) that enhanced intracellular deliv-
ery, which was mainly governed by macro-pinocytosis. To 
increase the half-life of oxaliplatin, they functionalized the 
CPP with dicarboxylic acids that can be conjugated with 
Pt(II) of oxaliplatin via bidentate chelation. CPP conjugation 
on the oxaliplatin resulted in not only increased intracellular 
delivery efficiency but also passive targeting ability in vivo. 
Dose-dependent cytotoxicity of CPP-Oxal was confirmed in 

Table 2   Applications of CPP-based delivery systems

Cargo materials Drug information CPP disease References

Small molecules Oxaliplatin (Oxal) R8 (RRR​RRR​RR) Colorectal carcinoma Singh 2021
Cabazitaxel (CBT) Cyclic CPP ([C(WR)2 K(WR)2]) MCF-7 breast and C4-2 prostate 

cancer
Park 2021

Melphalan (Mel) 89WP (RQIKIWFWWRRMK-
WKK)

Retinoblastoma Jiang 2022

Resveratrol (RSV) Dimeric LK peptide (LKKLLK-
LLKKLLKLGGLKKLLK-
LLKKLLKLAG)

Chronic rhinosinusitis Kim 2020

Peptides Insulin Penetratin (RQIKIWFQNR-
RMKWKK) or Penetramax 
(KWFKIQMQIRRWKNKR)

Diabetes Diedrichsen 2021

Glucagon-like peptide-2 (GLP-
2)

R8 (RRR​RRR​RR) Depression Akita 2021

Nucleic acids Luciferase pDNA (reporter gene) CHAT (CHHHRRR​WRR​
RHHC)

– McErlean 2021

Exon-skipping phosphorodi-
amidate morpholino oligomer 
(PMO)

DG9 (N-YArVRRrGPRG-
YArVRRrGPRr-C)

Duchenne muscular dystrophy Lim 2022

Survival motor neuron 1 mor-
pholino oligomer (MO)

(RXRRBR)2XB (RXR) Spinal muscular atrophy Bersani 2022

Nanoparticles (NPs) VEGF-pDNA-containing NP KALA peptide (WEA KLA 
KAL AKA LAK HLA KAL 
AKA LKA CEA)

Wound He 2022

VEGF or PLK1 siRNA-contain-
ing NP

DP7-C (VQWRIRVAVIRK) Glioma Yang 2022

Docetaxel-loaded transfersome R8H3 (RRR​RRR​RRHHH) B16F10 melanoma and 4T1 
breast cancer

Liu 2021
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three different cancer cell lines, whereas the physical mix-
ture of CPP and oxaliplatin showed low antitumor activ-
ity under the same drug concentration range. Intracellular 
localization of CPP-Oxal was further studied after treatment 
with endocytosis inhibitors. Colocalization of CPP-Oxal and 
a mitotracker in cultured cells was also confirmed. In vivo 
antitumor activity of the CPP-Oxal conjugate showed an 
approximately two times higher tumor inhibition ratio than 
intact oxaliplatin in mice of the same body weight.

Cabazitaxel (CBT), a paclitaxel analog drug, has been 
used in anticancer therapy with an improved pharmacoki-
netic profile. With additional polymer formulation, the aque-
ous stability of CBT was increased. However, low cellular 
uptake of CBT remains an issue. Active targeting of small 
molecule drugs is essential to improving the efficacy of anti-
tumor therapy. Park et al. (2021) synthesized cyclic CPP 
conjugated CBT (cCPP-CBT) via an ester bond that can 
be hydrolyzed by esterase. They also conjugated targeting 
peptides with cCPP-CBT (TP-cCPP-CBT) via a disulfide 
bond that can be labile under a reductive environment. With 
these environment-sensitive cleavable bonds, TP-cCPP-CBT 
can be fully activatable and function as intact CBT after 
intracellular delivery in a cell-specific manner. The prod-
rug, TP-cCPP-CBT, was successfully converted into CBT 
in human plasma for 24 h. The conversion process was con-
firmed under a slightly acidic pH (pH 6.5) and reductive 
environment (in the presence of glutathione). The cellular 
uptake of TP-cCPP-CBT in cells with the targeted ligand 
overexpressed was quantified and visualized by CLSM and 
flow cytometry.

Retinoblastoma (RB) is the most common cancer of the 
retina in infancy with brain and bone marrow metastases, 
causing life-threatening disease. Melphalan, which is a com-
monly used drug for RB, was delivered via multiple intra-
vitreal injections by well-trained clinicians because of the 
fast elimination of melphalan in the eye. Even though topi-
cal instillation of drugs is usually favored, efficient delivery 
of small molecule drugs into the posterior ocular is hard 
to achieve without invasive injections. Jiang et al. (2022) 
synthesized ocular permeable peptide conjugated melpha-
lan (89WP-Mel) and demonstrated its anticancer ability in 
a mouse model in vivo. The 89WP-Mel conjugate exhibited 
a targeted delivery through the sclera region and penetra-
tion across the posterior ocular barriers. They confirmed 
that the intracellular delivery of 89WP-Mel followed a clath-
rin-mediated endocytosis pathway. Penetration through the 
epithelial barrier, which was tested using in vitro models of 
ARPE-19 cell monolayer, was visualized in the case of dye-
labeled 89WP. Topical instillation of 89WP-Mel efficiently 
inhibited the intraocular tumor proliferation in vivo using 
a mouse model. The effective tumor penetration ability of 
89WP-Mel is comparable to the intravitreal injection of mel-
phalan. CPP conjugation improved the pharmacokinetics of 

89WP-Mel by enhancing (> 1000 times higher than intact 
melphalan) water solubility and penetration ability. Topical 
instillation of CPP conjugated small molecule drugs can be 
an attractive therapeutic method that replaces a complicated 
and invasive intravitreal injection.

Chronic rhinosinusitis with nasal polyps (CRSwNP) is a 
disease localized in the sinonasal cavity, which can develop 
into aspirin intolerance or asthma. Resveratrol (RSV) 
is a natural polyphenolic activator for SIRT1, relating to 
the downregulation of HIF1α. Downregulation of HIF1α 
induced the suppression of epithelial-to-mesenchymal tran-
sition (EMT), which is an important step for the formation 
of nasal polyps. Alpha-helix is one of the secondary struc-
tures in which the amino acids are stabilized in a spiral. 
Leucine and lysine-rich alpha-helical peptides (LK) are 
known to interact and penetrate the cell membrane even at 
low concentrations (10–100 nM). Kim et al. (2020) synthe-
sized RSV-LK conjugates via a phenolic ester bond, which 
is designed to release free RSV after endocytosis (Fig. 5). 
The half-life of free RSV release from RSV-LK under ester-
ase was 1.5 h. RSV-LK showed higher cellular uptake than 
the physical mixture of RSB/LK and RSV-TAT conjugates. 
After endocytosis, over 85% of RSV-LK was localized in 
the cytoplasm. In vitro assay for the RSV-LK-treated group 
showed a similar suppression effect on EMT markers with 
20 times lower concentration compared to the free RSV-
treated group. The in vivo inhibitory effect of RSV-LK on 
polyposis was comparable to a 10 times higher concentration 
of free RSV. The histochemical analysis confirmed that no 
significant inflammation markers were observed after RSV-
LK treatment, whereas free RSV or free LK induced severe 
inflammation.

Peptides

Peptide drugs are usually either too bulky or hydrophilic 
(with negative charges) to be delivered efficiently through 
the epithelial cell membrane. To increase intracellular deliv-
ery efficiency, CPPs have been conjugated with peptide 
drugs via chemical bond formation, electrostatic attraction, 
and hydrophobic interaction.

Insulin is one of the most common therapeutic peptides. 
It is hard to deliver through oral administration due to its 
high hydrophilicity and molecular weight. Amphipathic and 
cationic CPPs have been used as carrier proteins to enhance 
the intracellular delivery of hydrophilic therapeutic peptides. 
Diedrichsen et al. (2021) prepared CPP-insulin composites 
and studied their drug efficacy. The CPP-insulin composite 
was a few hundred nanometers in hydrodynamic size. For 
CPP-lipidated insulin composites, micron-sized aggregation 
composed of lipidated insulin was mainly formed with a low 
insulin recovery percentage (< 10%). They used three differ-
ent CPPs, penetratin, shuffle, and penetramax, to prepare the 
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CPP-insulin composites. Alpha-helix secondary structure of 
CPP-insulin composites was induced at a 10 times higher 
level than that of free CPPs. Circular dichroism confirmed 
that the alpha-helix degree of CPP-insulin after liposome 
treatment was about three times higher than without lipo-
some, meaning the amphipathic CPP is stabilized by lipids. 
Cellular uptake of CPP-insulin was dramatically enhanced 
in the shuffle and penetramax cases. These shuffle and pen-
etramax insulin composites showed high insulin bioavail-
ability and regulated the blood glucose level in the normal 
range after administration. However, transient inflammation 
of connective tissues and epithelial cells in the intestine was 
observed, which requires further studies.

Another therapeutic peptide drug, glucagon-like pep-
tide-2 (GLP-2), has been applied for treating depression. 

Despite the invasiveness, intracerebroventricular adminis-
tration is the most common delivery method for GLP-2. To 
deliver protein drugs into the brain efficiently and non-inva-
sively, the intranasal administration of GLP-2 has been stud-
ied. Akita et al. (2021) conjugated GLP-2 with CPP and pen-
etration accelerating sequences (PAS-CPP-GLP-2, sequence: 
PAS(FFLIPKG)-CPP (RRR​RRR​RR)-spacer(GG)-GLP-
2(HADGSFSDEMNTILDNLAARDFINWLIQTKITD)) 
(Fig. 6). PAS-CPP-GLP-2 was mainly delivered via micro-
pinocytosis with CPP and escaped the endosomal structure 
by PAS. Colocalization of PAS-CPP-GLP-2 with early endo-
some was visualized by CLSM. Extracellular movement of 
PAS-CPP-GLP-2 via a transcellular route through the gap 
between the cells was also demonstrated using a microcham-
ber device. Only PAS-CPP-GLP-2 had an antidepressive 

Fig. 5   Schematic representation of the synthetic scheme of RSV-CPP conjugates efficiently delivering RSV-CPP conjugates with inhibitory 
effects on nasal polyp formation. Reprinted with permission (Kim et al. 2020)
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effect, whereas CPP-GLP-2 or PAS-GLP-2 did not exhibit 
a significant reduction in the depression score, which was 
quantified by counting periods of immobility.

Nucleic acids

Gene medicines including plasmid DNA (pDNA), an 
antisense oligonucleotide (ASO), siRNA, miRNA, and 
mRNA have been studied for a long time. Intrinsically, 
genes are not suitable for cellular uptake due to the elec-
tronic repulsion with an anionic cell surface. Therefore, 
additional methods such as viral vectors or non-viral 
carriers are essential. CPPs are useful in this field and 
some studies showed their potential for gene delivery 
without other reagents. McErlean et al. (2021) developed 

a linear CPP by rational design considering the role of 
amino acids including arginine, tryptophan, histidine, and 
cysteine, which are reported as advantageous for gene 
delivery (Fig. 7). They used the Protparam tool to com-
pute the physicochemical property of CPP and Maestro 
3D structure modeling software to predict its structure. 
During this process, they synthesized six sequences of 
CPP candidates and selected the sequence CHHHRRR​
WRR​RHHC (CHAT) by comparing transfection effi-
ciency in MCF7 and MDA-MB-231 cells. The cellular 
uptake pathway of CHAT was determined to be multi-
ple, but caveolae and endosomal clathrin were dominant. 
After an intratumoral injection in a 4T1 breast cancer xen-
ograft, CHAT complexed with luciferase pDNA showed 
significant luciferase expression that is comparable with 

Fig. 6   Schematic representa-
tion of the intracellular delivery 
mechanism of GLP-2 peptide 
showing antidepression-like 
effect by intranasal bioactiv-
ity. Reprinted with permission 
(Akita et al. 2021)

Fig. 7   Gene delivery using cell-penetrating peptides (CPPs). Plasmid DNA delivery with 15 amino acid linear peptide and evaluation in 4T1 
breast cancer xenograft. Reprinted with permission (McErlean et al. 2021)
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the case of in vivo PEI, a commercial transfection agent. 
The authors also tried intravenous injection and observed 
bioluminescence in the liver, lung, kidney, and tumor. 
This result was expected because many CPPs have no 
specificity to target cells and targeting strategies would 
be helpful as mentioned above.

Duchenne muscular dystrophy (DMD) is a genetic dis-
order due to the loss of dystrophin resulting in body-wide 
muscle degeneration. Exon skipping is a promising DMD 
therapy approved by the FDA, which uses phosphoro-
diamidate morpholino oligomer (PMO). To increase the 
efficiency of exon-skipping therapy, Yokota’s research 
group directly conjugated DG9 peptide to exon-skipping 
PMO (Lim et al. 2022). DG9 is a CPP that originated 
from the protein transduction domain in the human 
Hph-1 transcription factor. After retro-orbital injection 
into hDMDdel52; mdx mice, DG9-conjugated PMO 
showed a 2.2 to 12.3-fold and 14.4-fold higher skipping 
efficiency compared to unconjugated PMO in skeletal 
muscles and heart, respectively. After repeated injection 
of DG9-PMO once weekly for 3 weeks, 55 to 71% exon 
51 skipping level and 2.8 to 3.9% dystrophin production 
were observed in skeletal muscles. There was no signifi-
cant toxicity observed after the injection of DG9-PMO. In 
addition, the intramuscular injection of DG9-PMO in the 
tibialis anterior was also effective and showed dystrophin 
restoration demonstrating the potential of DG9-PMO for 
DMD therapy.

Similarly, Bersani et al. (2022) conjugated CPP to oli-
gonucleotides and applied it to spinal muscular atrophy 
(SMA) therapy. SMA is a motor neuron disease and a 
representative genetic disease that results in infant death. 
The limited delivery of the currently used ASO in the 
rostral spinal and brain has reduced the therapeutic effi-
cacy. The authors synthesized morpholino oligomer (MO) 
with increased survival motor neuron 1 (SMN) protein 
levels. They conjugated CPPs including TAT (YGRKKR-
RQRRRQ), r6, R6, and (RXRRBR)2XB (RXR) to the 
MOs and compared the amount of SMN proteins after 
injections in mice. Based on the results, they selected 
r6 and RXR peptides and applied them to symptomatic 
SMA mice. Interestingly, after intraperitoneal injection, 
RXR-MO and r6-MO conjugates were found in the central 
nervous system in a symptomatic phase with a completely 
closed BBB. In symptomatic SMA mice, RXR-MO and 
r6-MO conjugates showed improved median survivals 
of 41.4 and 23 days, respectively. These values are sig-
nificantly higher than 17 days, in the case of naked MO 
without CPP. Pathological data showed that CPP-MOs 
ameliorate the degeneration of neuromuscular junctions 
more effectively compared to scrambled or naked MOs, 
demonstrating the usefulness of CPPs in gene therapy.

Nanoparticles

Nanoparticles (NPs) are regarded as promising carriers 
for drug and gene delivery (Koo et al. 2011). The wide 
human application of mRNA-containing lipid NP as a 
COVID-19 vaccine is a representative case (Hou et  al. 
2021). Most NP carriers require cellular uptake and intra-
cellular release of their cargo including drugs and genes 
(Jo et al. 2020). To accelerate the cellular uptake of NPs, 
CPPs have been additionally decorated on the surface 
of NPs. For example, He et al. (2022) modified PLGA/
PEI NPs complexed with the pDNA and KALA peptide 
(WEAKLAKALAKALAKHLAKALAKALKACEA), a 
CPP (Fig. 8). The resulting complex was about 200 nm in 
size and its zeta potential value is about + 15 mV. KALA 
peptide enabled fast cellular uptake and effective transfec-
tion with low cytotoxicity compared to PEI with cationic 
charges at high density resulting in plasma-membrane 
destabilization. The authors used a combination of KALA 
peptide-modified PLGA/PEI NPs containing pDNA and 3D 
alginate nanofibrous gene-activated matrix coated with poly-
dopamine. In this combination, pDNA was slowly released 
from the matrix for 10 days, and HEK 293 T cells showed 
GFP expression by transfection over three weeks. For an 
in vivo test, the authors prepared full-thickness excisional 
wound models using SD rats. After the wound was covered 
with nanofiber scaffolds combined with KAKA-PLGA/PEI 
NPs containing VEGF-pDNA, nearly complete wound clo-
sure was observed after 21 days whereas 27.3 wound areas 
remained in the control group. Collagen deposition and rapid 
vascularization in tissue observed after Masson’s trichrome, 
CD31, and alpha-SMA staining showed effective therapy by 
KALA peptide-modified NPs and nanofiber scaffolds.

Recently, Yang et al. (2022) introduced an intranasal 
siRNA delivery system for glioma therapy. They conjugated 
cholesterol to the N-terminal of the antimicrobial peptide 
DP7. The resulting CPP, DP7-C, enabled fast cellular uptake 
and could create a complex with siRNA. For bio-adhesive 
properties, the DP7-C/siRNA complex was coated with 
hyaluronic acid to form a core–shell nano-micelle struc-
ture. When compared with TAT and R9 peptides, DP7-C 
increased transfection efficiency in GL261 cells to over 80%. 
The biggest hurdle in drug delivery to glioma is the BBB, 
which blocks the entrance of drugs to the brain after oral or 
intravenous administration. Therefore, the authors used an 
intranasal route that is noninvasive and can bypass the BBB. 
After intranasal administration into mice, both HA/DP7-C/
siRNA and DP7-C/siRNA showed a high accumulation of 
Cy5-labeled siRNA in the brain and the HA-coated one was 
the more efficient. In particular, the fluorescence signal in 
trigeminal nerves was higher than in olfactory bulbs reveal-
ing the main route of nose-to-brain transport. When HA/
DP7-C/siRNA with VEGF or PLK1 sequence was treated 
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on the GL261 tumor model, the median survival time was 
prolonged to 17 and 18 days, respectively. Body weights and 
pathological data showed no significant changes after treat-
ment of HA/DP7-C/siRNA showing it was biocompatible.

Enhanced cellular uptake of NPs by CPP is also useful 
in cancer therapy. Liu et al. (2021) prepared DTX-loaded 
transfersomes modified with R8H3, a CPP containing 8 
arginines and 3 histidines. The R8H3-transfersome had a 
faster cellular uptake and lower cell viability compared to 
those without R8H3 in B16F10 melanoma and 4T1 breast 
cancer cell lines due to the efficient delivery of DTX. For 
a more sustained release and supply of DTX, the transfer-
somes were encapsulated in oligopeptide hydrogel. The 
hydrogel was assembled by binding between Fmoc-Phe 
and Phe-Phe-Dopa. The authors prepared B16F10 tumor-
bearing mice and surgically removed the primary tumor tis-
sues. After the topical painting of the hydrogel mixed with 
R8H3-transfersome containing DTX onto the tumor area, 
the growth of recurrent tumors was efficiently suppressed. 
Importantly, the difference between groups with and with-
out R8H3 was significant. In 4T1 tumor-bearing mice, the 
authors tested this system by intratumoral injection. They 

used luciferase-expressing 4T1 cells, which enabled the 
monitoring of tumor growth by luminescence imaging. In 
this model, the R8H3-transfersome showed near-complete 
tumor suppression due to the long-term drug supply from 
hydrogel and the efficient cellular uptake by R8H3 demon-
strating the promising potential of CPPs.

Conclusion

In summary, we introduced the recent application of CPPs 
in drug and gene delivery. To improve the specificity of the 
CPP-based delivery system, researchers suggested rational 
strategies using pH-responsive structural change, enzyme-
triggered cleavage, and multiple targeting ligands. Based on 
the advantages of CPPs and with the help of these strategies, 
CPPs have been applied in the delivery of various materials 
including small molecules, proteins, genes, and NPs. Many 
studies have demonstrated promising results in animal mod-
els and proved the usefulness of CPPs in wide applications 
in biomedical fields.

Fig. 8   Nanoparticle (NP) delivery using cell-penetrating peptides (CPPs). KALA peptide-decorated PLGA/PNI NPs for delivery of the VEGF 
gene for wound healing in SD rats. Reprinted with permission (He et al. 2022)
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For human usage of CPP containing materials, the safety 
issue is maybe the biggest hurdle (Bobo et al. 2016). Most 
CPPs have arginine or lysine residues containing cationic 
charges, which can destabilize the cell membrane. There-
fore, in human applications, the sequence of CPP should be 
considered carefully from the viewpoint of potential toxic-
ity as well as the efficacy of cellular uptake. Cost is another 
important factor for commercialization. Sequences that are 
too long or complicated would increase the overall cost of 
massive production, which would be an obstacle to convinc-
ing investors (Cheng et al. 2012).

In contrast to other biological ligands, CPPs have intrinsic 
advantages. First, most of them enable the direct transfer of 
materials through membranes without an endo-lysosomal 
pathway. Most drugs need to move to the target organelles 
after cellular uptake and their entrapment in endosomes or 
lysosomes reduces their drug efficacy. This is the reason 
why endosomal escape has been a critical issue in drug and 
gene delivery research for a long time (Pittella et al. 2011). 
Particularly, in the case of fragile genes or proteins, they can 
be easily denatured or degraded in lysosomes with acidic pH 
and various enzymes (Biscans et al. 2022). In addition, CPPs 
can be synthesized by both solid-phase synthesis or recombi-
nant DNA technology in living organisms. Researchers can 
select suitable methods according to the sequence and length 
of the CPPs. These intrinsic advantages of CPP and its fast 
cellular uptake make CPP an attractive component of drug 
and gene delivery, and we expect that the human applica-
tion of CPP-based materials will increase in the near future.
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