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Abstract

Poly(arginine) mimics bearing long hydrophobic side chains adopt stable helical conformation and 

exhibit helix-related cell-penetrating properties. Elongating polypeptide backbone length and 

increasing side chain hydrophobicity further increase the helicities of poly(arginine) mimics. They 

show superior cell membrane permeability up to two orders of magnitude higher than that of HIV-

TAT peptide and excellent DNA and siRNA delivery efficiencies in various mammalian cells.

Introduction

Cell-penetrating peptides (CPPs) are oligopeptides consisting of 10-30 amino acid residues 

that have excellent membrane permeability.1 When integrated with delivery systems, they 

facilitate the intracellular delivery of various cargos, including small molecules, 

macromolecules (e.g., proteins and nucleic acids) and nanoparticles.2-13 CPPs typically have 

a large number of arginine (Arg) residues in their primary structures, and the guanidinium 

groups of the Arg residues are crucial to the penetration efficiencies of CPPs because of 

their interactions with the sulfate groups of glycosaminoglycans localized on cell 

membranes.14,15 An example of such guanidine-rich CPPs is HIV-TAT, an 11-mer peptide 

containing 6 Arg residues.5,16 In addition to the critical roles of guanidine groups, peptide 

conformation and hydrophobic content also have significant effect on CPP’s penetration 

efficiencies.5,17-20 Several well-known CPPs, such as Pep-1, MPG, TP10, and melittin, 

either adopt inherent helical structures or form helices in the cell membranes, presenting a 

rigid amphiphilic structure to interact with the lipid bilayers to promote membrane 

permeation.8,18,20-23 A large body of data on CPP translocation show that the formation of 

trans-membrane helix in CPPs is essential for stabilizing their membrane interactions and 

promoting their cellular uptake.24-26 Increasing the hydrophobicity of the side chains and/or 

the backbone of CPPs and CPP mimics have also been reported to promote their interaction 

with phospholipids and facilitate their translocation in a “self-activated” manner.6,27-29
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Oligo- and polyarginines are structurally the simplest CPP mimics with Arg as the only 

building block and can be readily prepared. However, they adopt random coil conformation 

in aqueous solution or when associated with phospholipid membranes due to the strong side 

chain charge repulsion and lack of hydrophobic or amphiphilic structure.30 Thus, their 

membrane permeability mainly relies on the electrostatic interaction with lipid membranes 

mediated by their guanidinium charge groups. Guanidine-rich CPP mimics with various 

backbones, such as peptoid,31 β-peptide,32 oligocarbamate,29,33 and even non-peptidyl 

synthetic polymers,27,28,34-36 have been reported. They have enhanced hydrophobicity but 

still lack the capability to adopt helical structures. It would thus be interesting to integrate 

both helicity and hydrophobicity into the design of guanidine-rich CPPs to potentially 

develop CPPs with unprecedented, superior membrane permeability. In this study, we tested 

this hypothesis by developing a class of helical poly(arginine) mimics (HPRMs) bearing 

guanidinium groups and long, hydrophobic side chains, and demonstrated that these HPRMs 

had superior membrane activities, up to two orders of magnitude higher than that of TAT, 

and remarkable DNA and siRNA delivery capabilities.

Poly(arginine) adopts random coil conformation at physiological pH due to the pendant 

guanidine charge repulsion. Only at pH higher than 12.5 when the pendant guanidinium 

groups are completely deprotonated, poly(arginine) with sufficient long backbone may adopt 

helical conformation.37 We therefore first aimed to develop poly(arginine) mimics that 

could adopt stable helix. A 57-mer poly(γ-(5-aminohexyl)-L-glutamate) (PAHG57) (Scheme 

1), a poly-L-lysine (PLL) analogue with its positively charged side-chain amine groups 

placed 11 σ-bonds away from the peptide backbone, has reduced helical surface charge 

density and thus side chain charge repulsion.38 Consequently, PAHG57 adopts stable α-

helical conformation (45% helicity) at physiological pH, as opposed to the random coil 

conformation of PLL under the same condition.38 Arg+, with delocalized charge to α-carbon 

distance of ≈ 4-6 σ-bonds, has helical propensity similar to Lys+ with charge to α-carbon 

distance of 5 σ-bonds (Scheme 1),39 and poly(arginine) has slightly higher helical content 

than poly(lysine) of similar molecular weights.40 We hypothesized that a poly(arginine) 

analogue with side chain guanidinium groups placed with significant distance from the 

peptide backbone would also adopt stable α-helical conformation.

Results and discussion

To prove this hypothesis, we synthesized P1 (Table 1) via ring-opening polymerization 

(ROP) of γ-chloroalkyl L-glutamic acid N-carboxylanhydrides (L-Glu-NCA) followed by 

introduction of guanidinium groups via the azide-alkyne Huisgen cycloaddition, the so-

called “click” chemistry (Scheme 2).41 P1 had guanidinium groups at the termini of the side 

chains that were 13 σ-bond away from the polypeptide backbone (Table 1). As expected, it 

adopted right-handed α-helical conformation with 30% helicity,42 evidenced by the 

characteristic double minima at 208 nm and 222 nm in the CD spectrum (Figure 1A). The 

helicity of P1 remained unchanged from pH 1 to 9 (Figure 1B), suggesting that the structural 

property of P1 would be well maintained against pH changes under physiological 

intracellular conditions (e.g., in both acidic endolysosomal compartments and slightly basic 

cytosol). The molar ellipticity of P1 at 222 nm was independent of the P1 concentration, 

suggesting that P1 remained in monomeric form (Supplementary Figure S23A).
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By labelling the HPRMs with rhodamine (RhB), we first compared the membrane 

permeability of P1 against TAT and Arg9 in HeLa, 3T3-L1, and Raw 264.7 cells that 

represented carcinoma cells, fibroblasts, and macrophages, respectively. After incubation 

with cells for 2 h at 37 °C, the intracellular concentration of CPPs in the cell lysate was 

quantified by spectrofluorimetry following removal of surface-bound polypeptides by 

washing with PBS-heparin.43 P1 was efficiently internalized into HeLa cells with an uptake 

level of 7.5 ± 0.6 μg/mg cellular protein (Figure 2A), which is 13.6 and 7.0 times higher 

than TAT (0.5 ± 0.1 μg/mg) and Arg9 (1.1 ± 0.1 μg/mg), respectively. Interestingly, the 

helical sense has no effect on cell penetration. P2, a polymer having exactly the same 

chemical structure and molecular weight (MW) as P1 but prepared with D-Glu NCA (Table 

1), showed left-handed α-helical conformation with helicity (32%, Figure 1A) and 

membrane permeability (7.1 ± 0.6 μg/mg, Figure 2A) almost identical to P1. Nevertheless, 

P3, a random coil analogue of P1 and P2 prepared from the racemic D,L-Glu NCA, showed a 

7-fold lower permeability (1.1 ± 0.3 μg/mg) than P1 and P2 (Figure 2A), which was 

comparable to that of TAT and Arg9. Such case also held true for Raw 264.7 and 3T3-L1 

cells (Supplementary Figure S24-25). P4, a P1 analogue with higher MW, showed helicity 

and membrane permeability similar to P1 (Figure 2A).

Increasing the hydrophobicity of peptide side chains can enhance their intramolecular 

hydrophobic interactions in aqueous solution,38 resulting in improved helical contents and 

stability. To verify if this holds true in the design of HPRMs, we prepared P5 (x = 4) and P6 

(x = 6), analogues of P1 (x = 1) with increased hydrophobic side chain length and a 

guanidinium-to-backbone distance of 16 and 18 σ-bonds, respectively (Scheme 2). As 

expected, the helicities of P5 and P6 increased to 56% and 65%, respectively, from the 30% 

of P1 (Figure 1C). Their cell penetration levels also increased to 13.4 ± 1.0 and 40.0 ± 8.4 

μg/mg (Figure 2A), respectively, following the same trend of their helicity increment. P7, a 

P6 analogue with a 40% elongated backbone (Scheme 2), showed slightly increased helicity 

(70%) and comparable membrane permeability (39.9 ± 5.5 μg/mg), 72.9 and 37.7 times 

more permeable than TAT and Arg9, respectively (Figure 2A). P8, a P6 analogue with a 

very short backbone (DP = 10), had a remarkably high helicity (51%) given its low MW. 

This very short but helical HPRM had approximately the same length as TAT (11 mer) and 

Arg9 (9 mer) but was 26.4 and 13.7 times more permeable than TAT and Arg9 in HeLa 

cells, respectively (Figure 2A). The excellent membrane permeability of P8 was also 

observed in Raw 264.7 and 3T3-L1 cells (Supplementary Figure S24-25), substantiating the 

importance of the integrated effect of helicity and side chain hydrophobicity on CPP’s 

membrane permeability.

Random copolymers containing both guandinium and hydrophobic pendant groups have 

been reported to show improved membrane activities compared to guanidinium-bearing 

homopolymers, presumably due to further increased hydrophobicity.27,28 We thus went on 

to study if further increased cell-penetrating property can be achieved in HPRMs through 

similar strategy. P9-P14, random copolymer analogues of P4, were prepared (Scheme 2, 

Table 2) and their membrane activities were evaluated (Figure 2). When the alkyl content 

was fixed at 50 mol% in the random co-polypeptides with the alkyl chain length (R group) 

being gradually increased from −C3H7 to −C6H13 (P9-P12), a significant increase of their 

helicities was observed compared to P4 (from 32% for P4 to 52-55% for P9-P12, Table 1 
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and 2, Figure 1D). P9-P12 all showed enhanced membrane permeability compared to P4, 

with P11 being the best among these four polymers (32.6 ± 3.9 μg/mg, Figure 2A) and 

approximately 5 times more membrane permeable than P4. By decreasing the content of the 

alkyl block of P11 to 20 mol% (P13) and 10 mol% (P14), the co-polypeptide helicity 

remained unchanged while the membrane permeability was further improved presumably 

due to increased cationic charge density. P14 showed a superior membrane permeability of 

70.9 ± 14.5 μg/mg (Figure 2A), approximately 10, 67, and 129 times more permeable than 

P4, Arg9, and TAT, respectively. These results indicated the necessity to maintain a proper 

balance between the cationic charge and the hydrophobic domain in the design of CPP 

mimics. Additionally, the higher MW of P14 in comparison to TAT and Arg9 also enables 

better association with cell membranes to aid stronger membrane permeability. P14 was also 

found to be the most membrane active HPRM in Raw 264.7 and 3T3-L1 cells, 

outperforming TAT by 39 and 42 times and Arg9 by 20 and 31 times, respectively (Figure 

2B; Supplementary Figure S24-25). Confocal laser scanning microscopy (CLSM) 

observation accordantly revealed extensive internalization of RhB-P14 in HeLa cells (Figure 

2C).

Upon identifying the cell penetration properties of these HPRMs, we selected the top-

performing P14 to further elucidate the membrane permeation mechanisms. We first 

evaluated the cell uptake level at 4°C when energy-dependent endocytosis was inhibited. 

Cell fixation will cause artificial uptake and re-localization of the internalized CPPs, and 

thus earlier studies on fixed cells featured the direct translocation mechanism while later 

studies on live, non-fixed cells indicated the presence of a non-endocytotic mechanism. To 

avoid the artifact of cell fixation, we visualized the uptake of RhB-P14 in live cells and 

noted that RhB-P14 could still be extensively internalized in HeLa cells at 4°C (Figure 

2C).44 A further quantitative analysis also revealed that the cell uptake level was reduced by 

only 30~50% at 4°C compared to that at 37 °C (Figure 3A and Supplementary Fig. S26), 

indicating that majority of the polypeptides traversed the cell membrane via the energy-

independent, non-endocytotic pathway. By monitoring the cell internalization in the 

presence of various endocytic inhibitors, we probed the involvement of different endocytic 

pathways. Uptake of RhB-P14 was significantly reduced by caveolae inhibitors, genistein 

and methyl-β-cyclodextrin (mβCD) (Figure 3A and Supplementary Fig. S26).45-47 

Comparatively, chlorpromazine and wortmannin that respectively inhibited the clathrin- and 

macropinocytosis-mediated endocytosis showed unappreciable inhibitory effect.45-47 It was 

thus indicated that P14 was endocytosed via caveolae- rather than clathrin- or 

macropinocytosis-mediated pathways.

Since majority of the P14 enters the cells via non-endocytotic translocation, we further 

investigated the HPRM-induced pore formation on cell membranes by studying the cellular 

internalization of fluorescein (FITC), a hydrophilic and membrane-impermeable fluorescent 

molecule.48,49 FITC was negligibly taken up by HeLa cells while treatment with HPRMs led 

to an notable increase in the FITC uptake level by 1-2 orders of magnitude (Figure 3B), 

substantiating that HPRMs were able to induce pore formation on cell membranes to allow 

extensive diffusion of FITC into the cells. The pore-forming capacities of HPRMs accorded 

well with their cell penetration levels (Figure 2A and 3B), which further demonstrated that 

high helicities and hydrophobic alkyl domains were favorable for polypeptides to mediate 
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effective membrane penetration via the pore formation mechanism. In a direct comparison 

with TAT and Arg9, the most membrane-active P14 mediated two-order-of-magnitude 

higher efficiency for FITC uptake. MTT assay revealed that HPRMs with higher penetration 

capacities (P6, P7, P11, P13, and P14) exhibited cytotoxicity at high concentration (100 

μg/mL, Supplementary Fig. S27), which might be attributed to their excessively strong pore 

formation capabilities that compromised the membrane integrity. However, none of the test 

polypeptides induced appreciable cytotoxicity at the concentration used for the uptake study 

(20 μg/mL) (Supplementary Fig. S27), indicating that the distinguished cell penetration and 

pore formation properties of the HPRMs were not based on compromised cell viability.

Upon identifying P14 as the top-performing cell-penetrating HPRM, we were motivated to 

further explore its potential as molecular transporters to mediate intracellular delivery of 

various cargos. To this end, plasmid DNA encoding luciferase (pCMV-Luc) and siRNA 

duplexes towards tumor necrosis factor α (TNF-α) were selected as representative DNA and 

siRNA molecules, and the gene transfection as well as gene silencing efficiencies mediated 

by P14 were evaluated. Because of its polycationic nature, P14 was able to condense the 

anionic DNA and siRNA at N/P ratios higher than 5 and 15, respectively (Supplementary 

Fig. S28). Flow cytometry analyses revealed that after incubation with P14/YOYO-1-DNA 

complexes (N/P ratio of 15) or P14/FAM-siRNA complexes (N/P ratio of 30) for 4 h, over 

95% of the cells (HeLa, 3T3-L1, Raw 264.7) had dramatically taken up YOYO-1-DNA 

while over 85% of the Raw 264.7 cells internalized FAM-siRNA (Supplementary Fig. 

S29-30). In comparison, Arg9, TAT, poly-L-arginine (PLR), and Lipofectamine™ 2000 

(LPF2000) showed much weaker capability in delivering DNA/siRNA molecules 

intracellularly. CLSM observation further revealed separation of YOYO-1-DNA or FAM-

siRNA from Lysotracker Red-stained endosome/lysosomes following 4-h treatment with the 

P14/YOYO-1-DNA or P14/FAM-siRNA complexes (Supplementary Fig. S31-32), 

indicating that P14 could effectively avoid the endosomal entrapment, one of the most 

critical barriers against non-viral gene and siRNA delivery. In comparison, internalized 

Arg9/YOYO-1-DNA and Arg9/FAM-siRNA complexes were co-localized well with 

Lysotracker Red, which suggested its inability to escape endosomal entrapment. Hence, 

P14/DNA complexes mediated effective luciferase expression in the three tested cell types 

(Figure 4A), among which 3T3-L1 and Raw 264.7 cells have been reported to be difficult-

to-transfection.9,50 Similarly, P14/siRNA complexes also triggered notable TNF-α 

knockdown in Raw 264.7 cells (Figure 4B). In consistency with the cell uptake trend, P14 

notably outperformed the commercial CPPs (Arg9, TAT, PLR) and demonstrated an 

improvement over LPF2000 by 1-2 orders of magnitude with respective to gene transfection 

and silencing efficiencies.

Conclusions

In summary, we developed a new family of cationic, α-helical, poly(arginine) mimics with 

excellent cell penetration efficiencies. We unraveled their structure-activity relationship 

which indicated that the helical secondary structure, the polypeptide backbone length, and 

the presence of hydrophobic domains collectively contributed to the membrane activities of 

these new CPPs that were closely related to the pore formation mechanisms on cell 

membranes. By either elongating the linker between polypeptide backbone and guanidinium 
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side groups or extending the alkyl side chains, we observed remarkably augmented cell 

penetration efficiencies of these poly(arginine) mimics, outperforming classical CPPs such 

as TAT and Arg9 by 1-2 orders of magnitude. These helical CPPs demonstrated high 

capacity and efficiency in delivering DNA and siRNA to mammalian cells to mediate 

effective gene transfection and silencing, outperforming commercial transfection reagent 

LPF2000 by 1-2 orders of magnitude. This study provides a simple strategy to transform 

conventional polypeptides to functional materials with superior cell-penetrating and 

molecular transporting capabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
CD spectra of HPRMs in water (A, C, D). Molar ellipticities of selected HPRMs at 222 nm 

as a function of pH (B).
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Fig. 2. 
HPRMs mediate effective cell penetration. (A) Uptake of RhB-HPRMs in HeLa cells (20 

μg/mL, left) and fold of increment over Arg9 and TAT (right) following incubation at 37 °C 

for 2 h. (B) Uptake levels of the top-performing RhB-P14 (20 μg/mL) in 3T3-L1 and Raw 

264.7 cells following incubation at 37 °C for 2 h. (C) CLSM images of HeLa cells incubated 

with RhB-P14 at 37 °C or 4 °C for 2 h. Bar = 20 μm.
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Fig. 3. 
HPRMs enter cells via caveolae-mediated endocytosis and non-endocytosis. (A) Uptake 

level of RhB-P14 in HeLa cells in the presence of various endocytic inhibitors (n=3). (B) 

Uptake level of FITC in HeLa cells following co-incubation with polypeptides for 2 h at 37 

°C (n=3).
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Fig. 4. 
P14 mediates effective DNA/siRNA delivery in mammalian cells. (A) Transfection 

efficiencies of P14/DNA complexes (N/P ratio = 15) in HeLa, 3T3-L1, and Raw 264.7 cells. 

Arg9, TAT, poly(L-arginine) (PLR), and lipofectamine™ 2000 (LPF2000) at the N/P ratio 

of 15, 15, 10, and 5 served as controls, respectively. (B) Silencing efficiency of P14/siRNA 

complexes (N/P ratio = 30) towards LPS-induced TNF-α production in Raw 264.7 cells. 

Results were expressed as percentage TNF-α level of untreated cells (control), and were 

compared to Arg9, TAT, PLR, and LPF2000 at the N/P ratio of 20, 20, 15, and 7.5, 

respectively.
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Scheme 1. 
Structure of PAHG57, Arg, and Lys.
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Scheme 2. 
Synthesis of HPRMs (P1-P14).
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Table 2

HPRMs with Various Hydrophobic Side Groups.a

Polymer R y b Helicity (%)

P9 n-C3H7– 0.5 53.9

P10 n-C4H9– 0.5 54.7

P11 n-C5H11– 0.5 54.0

P12 n-C6H13– 0.5 51.9

P13 n-C5H11– 0.2 53.5

P14 n-C5H11– 0.1 54.6

a
The DP and polydispersity of the polypeptides are 69 and 1.10;

b
The molar content of hydrophobic alkyl side-groups.
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