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 Cell penetrating peptides (CPPs) have a great potential in the medical field due to their 
ability to deliver a wide variety of cargo into the targeted cells by penetrating the cellular 
membranes. However, some fine-tuning is still needed to perfect this delivery system, and 
research is well underway to make the cell-penetrating peptides more efficient in their delivery 
mechanism, as well as specific to the target cell types. I will shortly discuss some of the current 
research that is being conducted in order to better understand and utilize these peptides. But 
before I jump into that, I would like to introduce the background, types, and the mechanism of 
uptake of CPPs. 
 CPPs are short peptides that usually consist of about 5-30 amino acid residues. They are 
able to penetrate many types of cellular membranes and have been used to deliver various types 
of compounds inside the cell, some of which include proteins, DNA, RNA, viruses, agents for 
imaging techniques, and anti-cancer drugs. The first CPP that was observed (in 1988) to cross 
cell membranes was the trans-activating (Tat) peptide of the human immunodeficiency virus 1 
(HIV 1). This peptide translocated to the nucleus of the cells it targeted, and the researchers 
found that it was the chain of basic amino acid residues in the alpha-helical domain of this 
peptide that was responsible for the penetration and translocation action. Another CPP, 
Penetratin, was found in 1991 and it was part of the Antennapedia homeodomain of Drosophila 
melanogaster. With mechanism of action similar to that of Tat, Penetratin was observed to play a 
role in the differentiation of neurons in these flies. Many CPPs have since been derived from the 
basic sequences of Tat and Penetratin.2  
 CPPs can be characterized by their chemical and physical properties. There are protein-
derived CPPs, which includes Tat and Penetration, as well as chimeric CPPs and synthetic CPPs. 
Chimeric CPPs are usually a mix of two or more proteins that are encoded by different genes. 
Synthetic CPPs can be made using a chain of arginines and/or other modifications.2  
 CPPs can be cationic, amphipathic, or hydrophobic. Cationic CPPs consisting of poly-
arginines are highly efficient and are promising candidates for medicinal purposes. The 
guanidine group of arginine can hydrogen bond with the carboxylic groups of membranous 
proteins, the sulfate of mucopolysaccharides, and the phosphate groups of phospholipids. This 
aids in the internalization of the arginine-rich CPP in vivo. Tryptophan has also been shown to 
play a significant role in cellular uptake of cationic CPPs, as its removal results in either 
decreased or no cellular uptake of the CPP at all. A special category of cationic CPPs is the 
nuclear localization sequences (NLS) that are able to translocate to the nucleus once inside the 
cells. Amphipathic CPPs exhibit both polar and nonpolar properties and are likely to translocate 
to the nucleus. Hydrophobic CPPs predominantly consist of nonpolar residues and due to their 
hydrophobicity, are able to penetrate cellular membranes in an energy-independent (passive) 
mechanism.2 

 The chemical and physical properties of the CPPs can be further modified to stabilize the 
peptide and enhance the efficiency and specificity of the process. For example, even though 
CPPs containing L-amino acids are better at crossing the cell membrane, they are vulnerable to 
degradation by the cellular enzymes. But CPPs made of D-amino acids are not easily degraded 
by the cell’s enzymes (which recognize the L configuration) and thus are more stable. CPPs can 
also be dendrimerized (branched like the dendrites of a neuron) or cyclized to improve the 



efficiency of the delivery process. CPPs can also be modified to target a specific cell or cellular 
compartment. For example, the addition of a nuclear localization signal to the Tat CPP results in 
a fusion peptide that has been used to attack the formation of breast tumors (tumorigenesis) by 
inhibiting the signaling of beta-catenin and lymphoid enhancer binding factor-1 (LEF-1).2 ß-
catenin/LEF-1 complex plays a significant role in the Wnt/wingless signaling pathway, which 
controls many of the tumor-forming activities of cells (such as cell growth and migration, among 
others). Therefore, this study aimed to interfere with the interaction between ß-catenin and LEF-
1 by using the Tat CPP to bind to ß-catenin and thus, prevent it from binding to LEF-1. Now, in 
order to ensure that the Tat CPP translocates to the nucleus and binds specifically to ß-catenin, 
the researchers added a nuclear localization signal (NLS) and a synthetic form of the LEF-1 
domain that binds ß-catenin. The key here is that just the first 76 amino acids of LEF-1 are 
adequate for ß-catenin binding, so those are the only amino acids that the researchers had to add 
to Tat CPP.7 

 The two primary ways that CPPs enter the cells include direct penetration and 
endocytosis. Direct penetration is a passive (energy-independent) mechanism, while endocytosis 
depends on an active source of energy. In direct penetration, the CPPs can enter cells by either 
forming an alpha-helical structure in the membrane, forming micelles, or by destabilizing the 
membrane. The models that have been proposed for direct penetration of CPPs require the CPPs 
to exhibit amphipathic characteristics with an alpha-helical secondary structure. The endocytic 
pathway can involve macropinocytosis, clathrin-mediated endocytosis, or caveolin-mediated 
endocytosis. In macropinocytosis, the membrane engulfs a large amount of extracellular fluid 
through the formation of a vesicle, and because CPPs can hitch a ride into the cell through this 
mechanism, macropinocytosis is non-specific for the CPPs. Clathrin-mediated endocytosis is 
also known as the receptor-mediated endocytosis, and thus, it is dependent on the CPP binding to 
a receptor on the membrane. With help from clathrin molecules coating the membrane, a vesicle 
containing the CPP can then be internalized. Caveolin-mediated endocytosis is complex but the 
basics of it is that it begins with a cave-like indentation in the membrane that then leads to the 
invagination of the vesicle containing the membrane-tied CPPs. The endocytic pathways are 
energy-dependent because they require the rearrangement of the cytoskeleton to form the vesicle. 
 One of the main problems with the endocytic pathway is that CPPs often remain trapped 
in the endosomes and lysosomes, which leads to their eventual degradation without delivery of 
any of the cargo into the cell. Researchers are still exploring ways to overcome this hurdle, as I 
will discuss later. But the role of the interaction between negatively charged endosomal 
membrane and positively charged CPPs, as well as reduced pH, have been looked into as 
possibilities to release CPPs from endosomes once inside the cell.2 
 Now I will discuss some of the current research that is happening with regards to 
enhancing CPP delivery performance and target specificity. As I mentioned earlier, Penetratin 
has been shown to play a role in neuronal differentiation in drosophila flies. The electrostatic 
interactions that cause it to form a secondary structure from a random coil upon interaction with 
membranes appear to be the factor involved in its internalization. The N-terminal of penetratin 
forms into a helical structure in dipalmitoylphosphatidylcholine (DPPC) bilayer, whereas the C-
terminal retains its random form. Past NMR experiments have shown that in the presence of 
various membrane models (as micelles), penetratin does not exhibit any conformational changes 
in its conserved subdomain from Ile6-Arg11. As a result, Bera et al. tested a derivative of 
Penetratin, DK17, for its potential usage in drug delivery across the blood-brain barrier (BBB) in 
the central nervous system to treat neurodegenerative disorders, such as Alzheimer’s, 



Parkinson’s, and Huntington’s disease. These researchers aimed to correspond the function 
exhibited by DK17 in a number of membrane models to its structure. Specifically, three lipid 
membranes were used: GM1(ganglioside), membrane mimicking the BBB, and a total brain lipid 
extract (TLBE). Fluorescence, circular dichroism (CD), and NMR spectroscopy were used to 
assess the conformational changes in DK17. Fluorescence spectroscopy utilized the intrinsic 
fluorescence property of the tryptophan in DK17 at 300-400 nm to detect the binding affinity of 
the CPP. CD spectroscopy, which uses circularly polarized light, was used to detect 
conformational changes in DK17. Lastly, NMR spectroscopy was used to determine the structure 
of the peptide, particularly the conserved region. The researchers found that the conserved region 
stabilized the CPP by causing it to interact hydrophobically with the acyl chains of lipid 
moeities. Atomic level observations of structure and energy interactions corresponded to the 
spectroscopic data.1 
 As I had mentioned earlier, endosomal entrapment of the CPPs is one of the main 
problems concerning the use of the endocytic pathway by CPPs. Qian et al., along with other 
researchers, had already discovered that cyclized arginine-rich CPPs, such as Tat, are efficiently 
internalized by the cell. But once inside the cell, the CPPs exhibited low cytosolic delivery 
efficiencies due to their entrapment in the endosomal vesicles. In order to counteract this 
problem, the researchers tested a group of cyclized amphipathic peptides of short amino acid 
sequences. Specifically, they synthesized sequential and stereochemical variants of the 
cyclo(FΦRRRQ) CPP on Rink amide resin. The cyclo(FΦRRRQ) CPP is 4- to 12-fold more 
efficient than the R9 (chain of 9 arginines), Tat, and penetratin peptides in delivering various 
molecules into the cell. The cyclo in the name denotes cyclization of the peptide, and F, R, and Q 
represent the one-letter abbreviations of the amino acids phenylalanine, arginine, and glutamine. 
The symbol phi (Φ) represents L-2-naphthylalanine, a variant amino acid. In order to detect the 
CPPs in cells, they were labeled with N-4-methoxytrityl-L-lysine at the C-terminus. The 
researchers then tested their cellular uptake and endosomal escape efficiency using cultures of 
HeLa, NIH 3T3, and A549 cells. Flow cytometry and confocal microscopy were used to detect 
the fluorescence (and thus, the presence) of the peptides in the cells and follow their mechanism 
for endosomal escape. Flow cytometry uses a laser to excite the fluorescently labeled 
components of the cell and emit light at various wavelengths. In this study, the wavelengths of 
488nm, 561 nm, and 633 nm were used to detect fluorescence of N-4-methoxytrityl-L-lysine. 
Confocal microscopy was mainly used to image the cells. The experimental data showed that 
cyclic CPPs were able to escape the endosomal vesicles by attaching to the endosomal 
membrane and triggering the lipid domains with CPPs to bud off. The binding affinity for the 
cellular membrane increases the CPPs uptake, while the binding affinity for the endosomal 
membrane increases the CPPs release from the endosome. These cyclic CPPs cause the 
endosomal membrane to curve and then collapse into random lipid/peptide clusters.3 
 Most of the commonly-employed CPPs (such as the nona-arginine CPP (R9), Tat, and 
penetratin) are highly positively charged, which aids in the uptake of these CPPs by the cells. But 
such positive charges can be toxic to cells, especially when considering them for use in potential 
therapeutic solutions. Highly hydrophobic CPPs, on the other hand, are not as soluble and form 
aggregates in aqueous mediums. So Schmidt et al. designed short peptides (~6-9 amino acids in 
length) with minimal positive charge (no more than 3 positive charges). The model cargo for 
these peptides was a peptide correlating to the eleventh strand of the GFP (green fluorescent 
protein) ß-barrel. The reason for choosing this cargo was to detect the delivery of the CPP into 
the cell. It fluoresces in the cytoplasm upon binding to the GFP1-10 fragment (expressed by the 



cell). Two collections of peptides were tested in three cell types (HeLa, Jurkat E6.1 leukemia 
cells, and HEK293T cells) over various incubation times. The complementation of the GFP 
protein in the cell was detected using flow cytometry, which uses a laser to excite the fluorescent 
molecule and record the physical and chemical properties of the cell. The data shows that CPPs 
that are composed of only 6-8 amino acids and only 2 residues with a positive charge were 
successful in delivering the cargo and forming the GFP complement. Researchers also noticed 
that for longer incubation, incorporating D-amino acids and a lactam bridge can aid in increased 
CPP uptake.4 
 CPPs have no more than 35 amino acids and are able to penetrate the membranes of cells 
even though they are peptides. This unique property of theirs led many scientists to use them to 
deliver both small and large molecules (macromolecules), as well as nanoparticles, into cells. At 
the moment that Traboulsi et al. published their research, little had been known about the CPPs’ 
mechanism of entry into the cell. But what had been known was that polyarginine CPPs were 
probably the most efficient (particularly the simple nona-arginine) and that the arginine’s 
positively-charged guanidinium group played a critical function by interacting with the anionic 
groups on the plasma membrane (such as the polar carboxyl heads of phospholipids, as well as 
the sulfate groups of glycosaminoglycans). Though the mechanism was still under investigation, 
certain experiments revealed that some CPPs translocate passively, while many might employ 
energy-dependent pathways to enter the cell. One group of researchers, Matsushita et al., 
performed an siRNA screening to recognize any complements involved in the uptake process. 
The cotransporter gene SLC4A4 and trafficking regulator gene COPA were identified. COPA’s 
function in the maturation of the early endosome had been known already, and after these 
findings, an endocytotic pathway for CPP internalization was proposed. Substituting (L)-arginine 
for (D)-arginine, as well as, modifying the backbone structure had been shown to optimize the 
CPPs and make them resistant to proteases. Specifically, an increase in the rigidness of the CPP 
and fixed orientation of the guanidinium groups resulted in successful uptake of the CPPs by the 
cells. Focusing on structural modifications, the researchers of this article propose that 
macrocyclization of the CPPs should be able to make the CPPs more rigid, while at the same 
time force the guanidinium groups to be placed at maximal distance to increase contact with the 
membrane. They synthesized a number of different CPPs with variations to test how cyclization, 
stereochemistry, and inner or outer exhibition of the arginine residues in the ring affect their 
uptake. Fluorescein isothiocyanate (FITC) labels were used to detect cellular uptake using flow 
cytometry. Fluorescence confocal microscopy was used to confirm the results. [Fluorescence 
confocal microscopy uses particular wavelengths of light to detect fluorescence in a very small 
sample]. The test results indicate that macrocycles consisting of 7 arginines (hepta-arginine) 
were most efficient in terms of their uptake by the cell.5 
 Lastly, Via et al. aimed to study the peptide-fatty acid interactions at the point of 
membrane penetration in order to determine what factors favor the translocation (passive 
process) of the CPP, as opposed to its endocytosis (requiring energy). Past research has shown 
that CPPs that had previously been incubated with oleic acid were passively taken up by cells at 
high pHs, which points toward the pH difference across the membrane and the presence of fatty 
acids as being important regulatory factors in the binding of the CPPs to the membrane and their 
translocation. But these findings were based on mainly dissociated fatty acids (due to high pH), 
which enabled the formation of stable CPP-lipid complexes. Now the researchers want to focus 
on fatty acids that form an organized film. They used a nona-arginine peptide (containing 9 
residues) and a Langmuir monolayer (composed of amphiphilic molecules at the air-water 



interphase). To change the dipole potentials of the amphiphilic fatty acids, the researchers either 
hydrogenated or fluorinated them and measured the kinetics and the degree of CPP penetration. 
To analyze the effect of fatty acids’ anionic polar head groups (carboxylic groups), the 
researchers altered pH of the aqueous subphase under the fatty acid monolayer and compared the 
CPP penetration into neutral and ionized fatty acids to that into monolayers composed of anionic 
phosphoglycerol. The measurements were made in terms of changes in monolayer surface 
pressure, surface potential and relative reflectivity. The results showed that the carboxylate head 
groups aid in translocation of the CPPs, possibly through ligand-binding interactions with the 
guanidinium group in arginine. Furthermore, CPP translocation was favored by a negative dipole 
which counterbalances the increased density of the fluorinated fatty acids.6 
 In conclusion, CPPs promise many opportunities for drug delivery into the cells with high 
efficiency and target specificity. But some knots still need to be untangled in order to begin 
conducting clinical trials using this process of drug delivery. I mentioned some of the challenges 
concerning the use of CPPs, such as the high toxicity of cationic CPPs and the endosomal 
entrapment of many CPPs. I also discussed the current research that is beginning to shed light on 
how to make the CPPs more efficient and specific by cyclizing and/or modifying them. It may 
not be long before CPPs become the norm in the treatment of not only cancer but the 
neurodegenerative diseases as well.  
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