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a b s t r a c t
The delivery performance of non-viral gene vectors is greatly related to their intracellular kinetics.
Cationic helical polypeptides with potent membrane penetration properties and gene transfection efficiencies have been recently developed by us. However, they suffer from severe drawbacks in terms of
their membrane penetration mechanisms that mainly include endocytosis and pore formation. The endocytosis mechanism leads to endosomal entrapment of gene cargos, while the charge- and helicityinduced pore formation causes appreciable cytotoxicity at high concentrations. With the attempt to overcome such critical challenges, we incorporated aromatic motifs into the design of helical polypeptides to
enhance their membrane activities and more importantly, to manipulate their membrane penetration
mechanisms. The aromatically modified polypeptides exhibited higher cellular internalization level than
the unmodified analogue by up to 2.5 folds. Such improvement is possibly because aromatic domains
promoted the polypeptides to penetrate cell membranes via direct transduction, a non-endocytosis
and non-pore formation mechanism. As such, gene cargos were more efficiently delivered into cells by
bypassing endocytosis and subsequently avoiding endosomal entrapment, and the material toxicity associated with excessive pore formation was also reduced. The top-performing aromatic polypeptide containing naphthyl side chains at the incorporated content of 20 mol% revealed notably higher
transfection efficiencies than commercial reagents in melanoma cells in vitro (by 11.7 folds) and
in vivo (by 9.1 folds), and thus found potential utilities toward topical gene delivery for cancer therapy.
Statement of significance
Cationic helical polypeptides, as efficient gene delivery materials, suffer from severe drawbacks in terms
of their membrane penetration mechanisms. The main cell penetration mechanisms involved are endocytosis and pore formation. However, the endocytosis mechanism has the limitation of endosomal
entrapment of gene cargos, while the charge- and helicity-induced pore formation causes cytotoxicity
at high concentrations. To address such critical issues toward the maximization of gene delivery efficiency, we incorporated aromatic domains into helical polypeptides to promote the cell membrane penetrations via direct transduction, which is a non-endocytosis and non-pore formation mechanism. The
manipulation of their membrane penetration mechanisms allows gene cargos to be more efficiently
delivered by bypassing endocytosis and subsequently avoiding endosomal entrapment.
Ó 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Gene therapy has emerged as a promising strategy for the treatment of various genetic diseases, such as cancer, neurodegenera⇑ Corresponding authors.
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tive diseases, and immunodeficiency [1–5]. The key challenge
toward successful gene therapy is the development of effective
delivery systems because nucleic acids themselves cannot penetrate into cells and suffer from rapid degradation by the nucleases
in the body [6–8]. While viral vectors afford high transfection
efficiencies, they often suffer from serious clinical risks such as
oncogenicity, immunogenicity, and insertional mutagenesis [9].
Non-viral vectors, mainly exemplified by cationic polymers
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(polycations) and cationic lipids, have been considered as ideal
alternatives to viral vectors because of their minimal immunogenicity, desired biocompatibility, and chemical flexibility
[10–15]. However, the clinical application of non-viral vectors
has been greatly hampered by their low transfection efficiencies
due to the various extracellular and intracellular barriers that prevent the effective delivery of nucleic acid cargos to the target cells/
organelles [16]. Among the various barriers, the biological membranes serve as a major delivery barrier against effective gene
transfection. For instance, the cell membrane prevents the internalization of nucleic acids; the endosomal/lysosomal membrane
prevents effective delivery into cytoplasm and thus leads to degradation of gene cargos in the lysosome; the nucleus membrane prevents DNA entry into the nuclei and thus prevents gene
transcription in the nuclei [17]. As such, development of gene carriers with potent membrane activities is highly necessitated
toward effective gene transfection.
Cell penetrating peptides (CPPs) are sequence-specific short
oligopeptides which can mediate effective membrane penetration
and translocation via either energy-dependent endocytosis or
energy-independent transduction [18]. They often consist of 10–
30 amino acid residues and contain a large number of positively
charged amino acids such as lysine and arginine [19]. Wellknown CPPs include HIV-TAT, Arg9, penetratin, and melittin. Most
of the CPPs adopt inherent a-helical secondary structures, or can
form trans-membrane a-helix after interacting with cell membranes, which can stabilize the membrane interactions and facilitate the cellular internalization [20,21]. Due to their excellent
membrane activities, CPPs are widely utilized to facilitate the cellular delivery of a variety of exogenous materials [22]. However,
when used for gene delivery, the short backbone length and insufficient cationic charge density of CPPs greatly impede their capabilities to condense and deliver genes independently [23,24].
Particularly, after complexing the gene cargos, the cationic charges
and a-helical secondary structures of the short CPPs will be
shielded, and thus the charge- and helix-dependent membrane
activities are greatly compromised. To address such critical challenges of traditional CPPs, we recently developed cationic polypeptides with sufficiently long backbone length and stable helical
structures that afford both strong membrane penetration properties and superb gene transfection efficiencies [25–28].
While the cationic helical polypeptides display excellent performance as a new category of cell penetration and gene delivery
materials, they suffer from undesired drawbacks that are related
to their intracellular kinetics. Particularly, the stiff helical structure
allows the polypeptide to puncture pores on cell membranes, thus
facilitating the direct transduction of gene cargos into cells [25–
27]. However, only part of the gene cargos is internalized via such
‘‘pore formation” mechanism, while the rest of them is internalized
via endocytosis, a process that leads to endosomal/lysosomal
entrapment against effective gene transfection. Additionally, the
charge- and helicity-induced ‘‘pore formation” mechanism will
cause irreversible damage to cells when polypeptides were used
at excessively high concentrations [25–27,29]. With the attempt
to maximize the transfection efficiencies of helical polypeptides
while minimize their toxicities, we thus seek a strategy to manipulate the membrane penetration mechanisms of helical polypeptides by promoting the non-endocytic cell uptake yet alleviating
the ‘‘pore formation” mechanism.
It has been reported that hydrophobic counterions could promote the interactions of CPPs with phospholipids by coating cationic structures with lipophilic moieties as activators [30,31].
Recently, the hydrophobic domain has also been introduced into
the side chains or backbones of CPPs and polymeric CPP mimics
to ‘‘self-activate” their membrane penetration properties [25,32–
34]. Among various hydrophobic motifs, aromatic activators have
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been demonstrated to outperform aliphatic domains in enhancing
membrane activities, mainly due to their flat-rigid shapes and pelectronic structures, specific interactions such as p-cation interactions, and the favorable ability to anchor proteins in the membranes [30,31]. For instance, sodium 4-(pyren-1-yl)butane-1sulfonate exhibited better penetration enhancement than sodium
dodecane-1-sulfonate [32,35]. More importantly, the direct membrane translocation of CPPs, a non-endocytic and ‘‘non-pore formation” mechanism, is closely related to the presence of aromatic
domains. For instance, the incorporation of tryptophan residue into
the CPP building blocks will promote their cell internalization via
an energy-independent non-endocytosis pathway [36].
Based on the above understandings on the advantages of aromatic motifs, we in the current study incorporated various aromatic groups (phenyl, naphthyl, and anthryl) into the design of
cationic, a-helical polypeptides, attempting to strengthen their
membrane activities and potentially manipulate the membrane
penetration mechanisms. To this end, random co-polypeptides
bearing both charged amine groups and aromatic groups on the
side chain terminals were synthesized, and we hypothesized that
the aromatic domain will allow more polypeptides to penetrate
cell membranes via direct transduction by bypassing the endocytic
pathways. As such, they would be able to mediate effective gene
delivery by minimizing the endosomal/lysosomal entrapment
(Scheme 1). Additionally, due to the partial replacement of amine
groups by aromatic groups, the cationic charge density of the
polypeptides could be diminished, such that the excessive pore formation on cell membranes could be restricted to reduce the material toxicity. To demonstrate such hypothesis, the effect of aromatic
groups on the membrane penetration potency, cell penetration
mechanisms, in vitro and in vivo gene delivery efficiencies, and
cytotoxicities were mechanistically explored.

2. Materials and methods
2.1. Materials and cell lines
All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as received unless otherwise specified. Tetrahydrofuran (THF), hexane, and dimethylformamide (DMF) were dried
by a column packed with 4Å molecular sieves and stored in a
glovebox. Dry nitrobenzene (NB) was prepared by treating regular
NB with CaH2 followed by distillation under reduced pressure.
Hexamethyldisilazane (HMDS) and 1,5,7-triazabicyclo[4.4.0]dec-5
-ene (TBD) were dissolved in anhydrous DMF in a glovebox. c-(4Vinylbenzyl)-L-glutamate N-carboxyanhydride (VB-L-Glu-NCA)
was prepared as previously reported [25–27]. Pierce BCA assay
kit was purchased from ThermoFisher Scientific (Rockford, IL,
USA). Plasmid DNA (pDNA) encoding luciferase (pCMV-Luc) was
purchased from Elim Biopharm (Hayward, CA, USA). 3-(4,5-Dime
thylthiahiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
and YOYO-1 were purchased from Invitrogen (Carlsbad, CA, USA).
HeLa (human cervix adenocarcinoma cells) and B16F10 (murine
melanoma cells) were purchased from the American Type Culture
Collection (Rockville, MD, USA) and were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin.
Female C57BL/6 mice (8–10 week old) were obtained from
Charles River Laboratory (Wilmington, MA, USA) and were housed
in a germ-free environment with four mice per cage. Mice were
given access to food and water and exposed to a 12:12 h light–dark
cycle (7:00 am–7:00 pm) at 25 ± 1 °C. The animal experimental
protocol was approved by the Institutional Animal Care and Use
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Scheme 1. Schematic illustration of cell penetration and intracellular DNA delivery mediated by helical polypeptide nanoparticles.
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2.2. Instrumentation
1

H NMR spectra were recorded on a Varian UI500NB MHz spectrometer. Chemical shifts were reported in ppm and referenced to
the solvent proton impurities. Gel permeation chromatography
(GPC) experiments were performed on a system equipped with
an isocratic pump (Model 1100, Agilent Technology, Santa Clara,
CA, USA), a DAWN HELEOS multi-angle laser light scattering
(MALLS) detector (Wyatt Technology, Santa Barbara, CA, USA),
and an Optilab rEX refractive index detector (Wyatt Technology,
Santa Barbara, CA, USA). Separations were performed using serially
connected size exclusion columns (102 Å, 103 Å, 104 Å, 105 Å, and
106 Å Phenogel columns, 5 mm, 300  7.8 mm, Phenomenex, Torrance, CA, USA) at 60 °C with DMF containing 0.1 M LiBr as the
mobile phase. The detection wavelength was set at 658 nm, and
the MALLS detector was calibrated using pure toluene, which

allowed determination of the absolute molecular weights (MWs)
instead of calibration using polymer standards. The MWs of
polypeptides were calculated according to the dn/dc value of each
polymer sample calculated offline by using the internal calibration
system processed by the ASTRA V software (version 6.1.1.17, Wyatt
Technology, Santa Barbara, CA, USA). Circular dichroism (CD) measurements were carried out on a JASCO J-815 CD spectrometer
(JASCO, Easton, MD, USA). Polypeptide was dissolved in DI water
at a concentration of 0.2 mg/mL at pH = 7, and was placed in a
quartz cell with a pathlength of 0.1 cm. The mean residue molar
ellipticity and helicity of each polymer were calculated based on
the measured apparent ellipticity following the reported formula
[27]:
1

Ellipticity ð½h; deg cm2 dmol Þ ¼

Helicity ð%Þ ¼

millidegree  mean residue weight
pathlength ðmmÞ  concentration ðmg mL1

½h222  þ 3000
 100
39000
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2.3. Synthesis of c-benzyl-L-glutamate based N-carboxyanhydride (B-

c-naphthyl-L-glutamate based N-carboxyanhydride
(Naph-L-Glu-NCA), c-anthryl-L-glutamate based N-carboxyanhydride
L-Glu-NCA),

(Anth-L-Glu-NCA), and L-leucine based N-carboxyanhydride (L-LeuNCA)
Aromatic domain modified glutamate was synthesized according to the literature procedure [37] (Scheme S1). N,N,N’,N’Tetramethylguanidine (8.5 mL, 67.8 mmol) was added slowly to a
mixture of L-glutamic acid (5.00 g, 34.0 mmol), L-glutamic acid
copper (II) complex copper (II) salt (8.63 g, 16.8 mmol), DMF
(32.0 mL), and water (4.75 mL). After all solid was dissolved, 1(chloromethyl)naphthalene (10.0 mL, 71.0 mmol) was added in
one portion and the resulting mixture was heated at 40 °C for
24 h. Acetone (300 mL) was then added and the reaction mixture
was further stirred for another 20 h to get a fine precipitate. The
precipitate was filtered, washed twice with acetone, and then
added into a fresh EDTA disodium salt aqueous solution. After stirring at RT for 20 h, the crude product was collected by filtration
and washed three times with water. The product c-naphthyl-Lglutamate (Naph-L-Glu) was obtained as white powder after
recrystallization from isopropanol-water (50 mL, 1:1, v/v) (68%
yield). 1H NMR (500 MHz, DMSO-d6:DCl-D2O (9:1, v/v), d): 7.93
(m, 3H, ArH), 7.52 (m, 4H, ArH), 5.57 (m, 2H, ArCH2O–), 3.89 (t,
1H, a-H), 2.63–2.43 (m, 2H, –COCH2CH2–), 2.05 (m, 2H, –COCH2CH2–).
c-Anthryl-L-glutamate (Anth-L-Glu) was synthesized with the
same method using 9-(chloromethyl)anthracene as the electrophile (63% yield). 1H NMR (500 MHz, DMSO-d6:DCl-D2O (9:1,
v/v), d): 8.64 (d, 1H, ArH), 8.26 (d, 2H, ArH), 8.06 (d, 2H, ArH),
7.55 (t, 2H, ArH), 7.48 (t, 2H, ArH), 6.04 (s, 2H, ArCH2O–), 3.84 (t,
1H, a-H), 2.54–2.34 (m, 2H, –COCH2CH2–), 2.00 (m, 2H, –COCH2CH2–).
NCA monomer was synthesized through ring-closing reaction of
amino acid with phosgene (Scheme S1). In a dried 250 mL twoneck round bottom flask, Naph-L-Glu (0.86 g, 3.00 mmol) was
added and dried under vacuum for 2 h. Anhydrous THF (30.0 mL)
was then added to the flask along with phosgene solution (10%
in toluene, 3.9 mL, 3.6 mmol). The mixture was kept stirring at
50 °C for 2 h under the protection of drying tube. The solvent and
excessive phosgene was then removed under vacuum to obtain a
yellow solid. The product c-naphthyl-L-glutamate based Ncarboxyanhydride (Naph-L-Glu-NCA) was obtained as light yellow
crystal after recrystallization from THF-hexane (1:5, v/v) three
times in a glovebox (86% yield). 1H NMR (500 MHz, CDCl3, d):
7.89 (m, 3H, ArH), 7.53 (m, 4H, ArH), 7.45 (t, 1H, ArH), 6.53 (s,
1H, ring N–H), 5.61 (m, 2H, ArCH2O–), 4.34 (t, 1H, a-H), 2.60 (m,
2H, –COCH2CH2–), 2.38–2.04 (m, 2H, –COCH2CH2–).
c-Benzyl-L-glutamate-based N-carboxyanhydride (B-L-GluNCA) was synthesized with the same method using commercially
available c-benzyl-L-glutamate (79% yield). 1H NMR (500 MHz,
CDCl3, d): 7.36 (m, 5H, ArH), 6.76 (s, 1H, ring N–H), 5.13 (m, 2H,
ArCH2O–), 4.38 (t, 1H, a-H), 2.59 (m, 2H, –COCH2CH2–), 2.35–
2.07 (m, 2H, –COCH2CH2–).
c-Anthryl-L-glutamate-based N-carboxyanhydride (Anth-L-GluNCA) was synthesized with the same method using Anth-L-Glu
(89% yield). 1H NMR (500 MHz, CDCl3, d): 8.53 (d, 1H, ArH), 8.31
(d, 2H, ArH), 8.04 (d, 2H, ArH), 7.60 (t, 2H, ArH), 7.51 (t, 2H, ArH),
6.21 (m, 3H, ring N–H and ArCH2O–), 4.32 (t, 1H, a-H), 2.56 (m,
2H, –COCH2CH2–), 2.31–2.04 (m, 2H, –COCH2CH2–).
L-Leucine-based N-carboxyanhydride (L-Leu-NCA) was synthesized with the same method using commercially available Lleucine (79% yield). 1H NMR (500 MHz, CDCl3, d): 7.25 (s, 1H, ring
N–H), 4.35 (m, 1H, a-H), 1.80 (m, 2H, –CH2CH(CH3)2) 1.68 (m, 1H, –
CH(CH3)2), 0.97 (dd, 6H, –CH(CH3)2).
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2.4. Synthesis of poly(c-4-(((2-(piperidin-1-yl)ethyl)amino)methyl)
benzyl-L-glutamate) (PPABLG, P0), PPABLG random copolymers with
hydrophobic aromatic residues (P1 to P6), and PPABLG random
copolymers with hydrophobic aliphatic residues (P7 and P8)
PPABLG (P0) was synthesized according to the reported procedure [26]. 1H NMR (500 MHz, TFA-d, d): 7.98–7.33 (m, 4H, ArH),
5.46 (br s, 2H, ArCH2O–), 5.06 (br s, 2H, ArCH2NH–), 4.67 (s, 1H, aH), 4.40–3.79 (m, 6H, –NH+CH2CH2NH+2– and –NH+CH2CH2CH2CH2CH2–), 3.26 (s, 2H, –NH+CH2CH2NH+2–), 2.92 (s, 2H, –COCH2CH2–),
2.73–1.60 (m, 8H, –COCH2CH2– and – NH+CH2CH2CH2CH2CH2–).
A representative synthetic procedure of hydrophobic groups
modified PPABLG random copolymers was shown as follows (take
PBLG10-r-PPABLG40 as an example). In a glovebox, VB-L-Glu-NCA
(58 mg, 0.20 mmol) and B-L-Glu-NCA (13 mg, 0.05 mmol) were dissolved in DMF (1.50 mL), followed by the addition of nitrobenzene
(60 lL), HMDS (0.1 M in DMF, 50 lL, M/I = 50) and TBD (0.01 M in
DMF, 50 lL). The polymerization solution was stirred at RT
until the conversion was above 99% monitored by FTIR. Methanol
(100 lL),
benzyl
chloroformate
(50 lL),
and
N,Ndiisopropylethylamine (50 lL) were added to the solution and the
resulting mixture was stirred for 3 h to protect the terminal amino
groups. The obtained copolymer poly(c-benzyl-L-glutamate)-random-poly(c-(4-vinylbenzyl)-L-glutamate) (PBLG-r-PVBLG) was precipitated using hexane/ether (1:1, v/v) and collected by centrifuge
(85%-90% yield).
PBLG-r-PVBLG copolymer (54 mg) was then dissolved in chloroform (30 mL) and oxidized by O3 at 78 °C. Dimethyl sulfide
(1.0 mL) was added and the solution was stirred at RT overnight
before the solvent was removed under vacuum. The product poly
(c-benzyl-L-glutamate)-random-poly(c-(4-aldehydobenzyl)-Lglutamate) (PBLG-r-PABLG) was precipitated using methanol and
collected by centrifugation (81% yield). The actual random copolymer composition was quantified using the integration ratio of the
a-protons in PBLG residues to the a-protons in PABLG residues
from 1H NMR.
The resulting PBLG-r-PABLG copolymer (43 mg, 0.13 mmol
aldehydo groups) was then dissolved in DMF (2 mL), where 1-(2aminoethyl)piperidine (184 lL, 1.30 mmol) was added and the
solution was stirred at 50 °C for 24 h. Borane (8 M in the form as
pyridine complex, 163 lL, 1.30 mmol) was then added, and the
resulting solution was further stirred at 50 °C for another 24 h.
HCl (5 M, 1.0 mL) was added to the solution to quench the excessive borane, and the polymer was then purified by dialysis against
DI water for 3 days (molecular weight cut-off = 1 kDa). The final
polymer PBLG-r-PPABLG (P1) was obtained as white powder after
lyophilization (60% yield for ozonlysis and reductive amination).
1
H NMR (500 MHz, TFA-d, d): 7.99–7.44 (m, 21H, ArH), 5.44 (br s,
10H, ArCH2O–), 5.03 (s, 8H, ArCH2NH–), 4.68 (s, 5H, a-H), 4.38–
3.84 (m, 24H, –NH+CH2CH2NH+2– and –NH+CH2CH2CH2CH2CH2–),
3.27 (s, 8H, –NH+CH2CH2NH+2–), 2.92 (s, 10H, –COCH2CH2–), 2.71–
1.62 (m, 34H, –COCH2CH2– and – NH+CH2CH2CH2CH2CH2–).
P2 to P8 were synthesized by the similar method starting from
different NCA monomers and different M/I feeding ratios (60–70%
yield for ozonlysis and reductive amination), and their compositions were shown in Table 1.
2.5. Cell penetration efficiency of polypeptides
HeLa cells were seeded on 96-well plates at 1  104 cells/well
and cultured for 24 h. The medium was refreshed with opti-MEM
into which RhB-labeled polypeptides were added at 2 lg/well.
After incubation at 37 °C for 4 h, the cells were washed with cold
PBS containing 20 U/mL heparin for three times, which could
remove surface-bound cationic materials from cells [38]. Cells
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Table 1
Structures and characterizations of random co-polypeptides.a

a
b
c
d
e

Name

Hydrophobic domain

M/Ib

Mn (Mn*) (kDa)c,d

PDId

Compositione

P0
P1
P2
P3
P4
P5
P6
P7
P8

–
Phenyl
Phenyl
Naphthyl
Naphthyl
Anthryl
Anthryl
Isopropyl
Isopropyl

(50 + 0)/1
(10 + 40)/1
(25 + 25)/1
(10 + 40)/1
(25 + 25)/1
(10 + 40)/1
(25 + 25)/1
(10 + 40)/1
(25 + 25)/1

25.0
22.6
17.3
25.4
19.0
21.2
20.9
23.5
14.1

1.13
1.08
1.10
1.06
1.17
1.20
1.09
1.12
1.07

PPABLG52
PBLG9-r-PPABLG43
PBLG27-r-PPABLG24
PNLG12-r-PPABLG46
PNLG25-r-PPABLG25
PALG9-r-PPABLG38
PALG24-r-PPABLG27
PLLeu13-r-PPABLG45
PLLeu26-r-PPABLG21

(23.9)
(21.4)
(17.8)
(21.9)
(19.0)
(22.4)
(20.3)
(20.7)
(15.8)

All polymerizations are carried out at RT in a glovebox for 24 h.
Feed ratio of (NCA containing hydrophobic domains + VB-L-Glu-NCA)/HMDS.
Obtained molecular weight (expected molecular weight).
Determined by GPC.
Determined by 1H NMR. The abbreviations of polymers were shown in Scheme 2.

were then lysed with RIPA lysis buffer (100 lL/well) at RT for
20 min before assessment of fluorescent content by spectrofluorimetry (kex = 540 nm, kem = 625 nm) and protein level using the
BCA kit. The cell penetration level was expressed as lg RhBlabeled polypeptide associated with 1 mg of cellular protein.

2.6. Characterization of polypeptide/DNA complexes
Gel retardation assay was used to evaluate the DNA condensation. Polypeptide/DNA complexes at various weight ratios were
loaded on a 1% agarose gel at 100 ng DNA/well followed by electrophoresis at 100 V for 45 min. Naked DNA was used as a control,
and DNA migration in the agarose gel was visualized by a Gel Doc
imaging system (Biorad, Herclues, CA, USA). EB exclusion assay
was performed to quantify the DNA condensation as follows.
DNA was stained with EB at the DNA/EB weight ratio of 10 at RT
for 1 h. Then the polypeptides were added into the DNA/EB solutions at determined weight ratios followed by further incubation
at RT for 30 min before evaluation by fluorescence intensity
(kex = 510 nm, kem = 590 nm). The DNA condensation efficiency
(%) was calculated according to the following equation:



F  F EB
 100
DNA condensation efficiency ð%Þ ¼ 1 
F 0  F EB
where FEB, F, and F0 denote the fluorescence intensity of pure EB
solution, DNA/EB solution with polypeptide, and DNA/EB solution
without any polypeptide, respectively.
Particle size and zeta potential of polypeptide/DNA complexes
at various weight ratios were evaluated by dynamic laser scanning
(DLS) on a Malvern Zetasizer (Herrenberg, Germany).

2.7. Cell uptake of polypeptide/DNA complexes
DNA was labeled with YOYO-1 at one dye molecule per 50 bp
DNA. The obtained YOYO-1-DNA was allowed to form complexes
with polypeptides as described above. HeLa cells were seeded on
96-well plates at 1  104 cells/well and cultured for 24 h. The cell
culture medium was refreshed with opti-MEM (100 lL/well) into
which the complexes were added at 0.1 lg DNA/well. After incubation at 37 °C for 4 h, cells were washed with PBS containing heparin (20 U/mL) for three times and subsequently lysed with the
RIPA lysis buffer (100 lL/well) at RT for 20 min before assessment
of the YOYO-1-DNA content by spectrofluorimetry (kex = 485 nm,
kem = 530 nm) and the protein level using the BCA kit. The cell
uptake level was expressed as ng YOYO-1-DNA associated with
1 mg of cellular protein.

2.8. Cell penetration and DNA internalization mechanisms
To explore the involvement of the energy-dependent endocytosis pathway, HeLa cells were cultured on 96-well plates and incubated with RhB-labeled polypeptides or polypeptide/YOYO-1-DNA
complexes for 4 h at 37 °C or 4 °C as described above. Results were
expressed as the percentage level at 4 °C normalized by that at
37 °C. In a further study, the cellular internalization level in the
presence of various endocytic inhibitors was evaluated. Particularly, HeLa cells cultured on 96-well plates were pre-incubated
with endocytic inhibitors including methyl-b-cyclodextrin (mbCD,
5 mM), wortmannin (10 lg/mL), and chlorpromazine (10 lg/mL)
for 30 min prior to the addition of RhB-labeled polypeptides as
described above. After incubation at 37 °C for 2 h, the cellular
uptake level of RhB-labeled polypeptides was quantified, and
results were expressed as percentage uptake level of control cells
that were treated with RhB-labeled polypeptides in the absence
of endocytic inhibitors for 2 h.
2.9. Polypeptide-mediated pore formation activity
The capability of polypeptides to induce pore formation on cell
membranes was evaluated in terms of the cell uptake level of a
hydrophilic, membrane-impermeable dye, fluorescein isothiocyanate (FITC) in its non-reactive form (fluorescein-tris(hydroxy
methyl)methanethiourea, FITC-Tris) [22]. Briefly, cells were seeded
on 96-well plates at 1  104 cells/well and cultured for 24 h. The
medium was replaced with Opti-MEM (100 lL/well) into which
polypeptides and FITC-Tris were added at 2 mg/well and 0.2 mg/
well, respectively. Free FITC-Tris without polypeptides was added
as a control. After incubation at 37 °C for 2 h, cells were washed
with PBS containing heparin (20 U/mL) for three times and then
lysed with the RIPA lysis buffer (100 lL/well). The FITC-Tris content in the lysate was quantified using spectrofluorimetry
(kex = 485 nm, kem = 530 nm), and the protein level was determined
using the BCA kit. Uptake level was expressed as ng FITC-Tris associated with 1 mg of cellular protein.
2.10. Confocal laser scanning microscopy (CLSM) observation
HeLa cells incubated in serum-free DMEM in a 6-well plate
were treated with RhB-P0 and RhB-P3 at 10 lg/well. Following
incubation at 37 °C or 4 °C for 2 h, cells were washed with PBS containing heparin (20 U/mL) for 3 times, fixed with paraformaldehyde (4%), stained with DAPI (2 lg/mL), and subjected to
observation using CLSM (LSM700, Zeiss, Germany). To evaluate
the endosomal entrapment and escape of DNA cargos, HeLa cells
were incubated with P3/YOYO-1-DNA and P0/YOYO-1-DNA com-
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plexes (1 lg of YOYO-1-DNA/well) at 37 °C for 4 h. Cells were then
washed with PBS containing heparin (20 U/mL) three times, fixed
with paraformaldehyde (4%), stained with Hochest33258 (2 lg/
mL) and Lysotracker RedÒ (200 nM) according to the manufacturer’s protocol, and visualized by CLSM (LSM700, Zeiss, Germany).
To quantify the endosomal escape ratio of YOYO-1-DNA, the colocalization ratio between YOYO-1-DNA and Lysotracker Red was
quantified as follows using the ImageJ software:

Colocalizationratio ð%Þ ¼

DNA pixelscolocalization
 100
DNA pixelstotal
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To evaluate the intracellular distribution of polyplexes containing Cy5-labeled DNA after intratumoral injection, mice bearing
B16F10 xenograft tumors were anesthetized and intratumorally
injected with P3/Cy5-DNA complexes (w/w = 10), naked DNA,
and HBG at 10 mg Cy5-DNA/mouse (injection volume 50 mL). Four
hours post injection, tumors were harvested, embedded in the
OTC compound, and 10-lm thick tissues slices were obtained on
a cryostat. After staining with DAPI (2 lg/mL), the tissue slices
were visualized by CLSM (LSM700, Zeiss, Germany).
2.14. Statistical analysis

where DNA pixelscolocalization represents the number of YOYO-1-DNA
pixels colocalizing with Lysotracker Red, and DNA pixelstotal represents the number of all YOYO-1-DNA pixels in the CLSM images.
Results were presented as the mean of twenty individual cells.

Statistical analysis was performed using Student’s t-test and
differences were judged to be significant at ⁄p < 0.05 and very significant at ⁄⁄p < 0.01.

2.11. Cytotoxicity measurement

3. Results and discussion

HeLa or B16F10 cells were seeded on 96-well plates at 1  104 cells/well and cultured for 24 h or 48 h until they reached confluence. The medium was replaced by Opti-MEM (100 lL/well) into
which the polypeptide or polypeptide/DNA complexes were added
at various polypeptide final concentrations (100, 50, 20, 10 lg/mL).
After incubation at 37 °C for 4 h, the medium was refreshed with
serum-containing media and further incubated for 20 h before
the assessment of cell viability using the MTT assay. The results
were expressed as percentage viability of control cells.

3.1. Synthesis and characterization of aromatically modified helical
polypeptides

2.12. In vitro transfection
HeLa or B16F10 cells were seeded on 96-well plates at 1  104 cells/well and incubated until cells reached 70% confluence. The
medium was replaced by Opti-MEM or fresh DMEM containing
10% serum, into which polypeptide/DNA complexes at various
weight ratios were added at 0.2 lg DNA/well. After incubation
for 4 h, the complexes were removed and fresh media were added.
Cells were further cultured for 20 h before quantification of luciferase expression level using a Bright-Glo Luciferase assay kit (Promega, Madison, USA) and cellular protein level using a BCA kit.
Results were expressed as relative luminescence unit (RLU) associated with 1 mg of cellular protein.
2.13. In vivo transfection
Female C57/BL6 mice (18–20 g) were unhaired, anesthetized by
isoflurane, and subcutaneously injected with 1  107 B16F10 cells
in the right flank. When the tumor sizes reached 100 mm3 (measured by a vernier caliper), mice were randomly divided into six
groups (four mice per group), anesthetized, and intratumorally
injected with P3/DNA complexes (w/w = 10), P0/DNA complexes
(w/w = 10), polyethylenimine (PEI, 25 kDa)/DNA complexes (w/
w = 1), PLL/DNA complexes (w/w = 3), naked DNA, and HEPES buffer containing glucose (HBG, 20 mM HEPES, pH = 7.2, 5% glucose) at
10 mg pCMV-Luc DNA/injection/mouse (injection volume 50 mL) for
three times with 4 h spaced between each injection (total dose of
30 mg DNA/mouse). Polymer/DNA complexes were freshly prepared in HBG before injection. Forty-eight hours post injection,
mice were sacrificed. Tumor tissues were harvested and homogenized with the passive cell lysis buffer (Promega, Madison, USA)
containing protease inhibitor cocktail. The mixture was frozen in
liquid nitrogen and thawed in water bath (37 °C) for three cycles.
After centrifugation at 4 °C and 12,000 rpm for 10 min, the supernatant was collected and quantified in terms of luciferase activity
and protein content as described above. The transfection efficiency
was expressed as RLU/mg protein.

To enable the preparation of aromatically modified polypeptides, N-carboxyanhydrides (NCAs) with aromatic domains (phenyl, naphthyl, and anthryl) were first synthesized and
characterized (Supplementary Scheme S1). The aromatic NCAs
were then allowed to copolymerize with VB-L-Glu-NCA through
HMDS-initiated controlled ring-opening polymerization (ROP) followed by side-chain ozonolysis and reductive amination [26], ultimately obtaining the cationic, helical random co-polypeptides
containing both aromatic groups and amine groups on side-chain
terminals (Scheme 2). As a control, leucine was also incoporated
as a hydrophobic yet aliphatic residue in the final cationic, helical
random co-polypeptides (Scheme 2).
By incorporating various hydrophobic groups including benzyl,
naphthyl, anthryl, and isopropyl (non-aromatic) groups into the
homo-polypeptide PPABLG (P0) at the content of 20 mol% and
50 mol%, we developed a small library of co-polypeptides with various charge densities and hydrophobic domains, named as P1 to P8
(Table 1). All random copolymers have well-defined structures, as
evidenced by the controlled MWs, low PDI (<1.2), and predictable
composition tuned by the monomer feeding ratios (Table 1).
The secondary structures of the polypeptides were then evaluated by CD. All of the random co-polypeptides adopted typical ahelical structures with 60–85% helicity as demonstrated by the
characteristic ellipticity minima at 208 and 222 nm (Fig. 1A; Supplementary Table S1). It thus substantiated that the introduction
of aromatic/aliphatic domains to the side chain terminals of
polypeptides did not compromise their helical structures. In our
previous studies, we have demonstrated that the cationic helical
polypeptide (P0) could maintain stable helical structure upon
treatment with trypsin, which indicated desired stability of the
polypeptide against proteolytic degradation [39]. Such stability
could be explained by the composition of the NCA-polymerized
polypeptide that does not contain natural amino acids, and thus
does not provide an effective cutting site for naturally occurring
proteases [40]. Additionally, the helical polypeptides possess long
hydrophobic side chains, which leads to the embedment of
polypeptide backbone within the center and thus enzymes with
large molecular sizes cannot easily access the backbone to achieve
effective cutting.
3.2. Cell penetration properties and mechanisms
To evaluate their cell penetration properties, polypeptides were
covalently labeled with Rhodamine B (RhB) and were incubated
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Scheme 2. Synthetic routes of cationic, a-helical random co-polypeptides modified with hydrophobic domains (P1–P8).

with HeLa cells at 37 °C for 4 h before quantification of the internalization level by spectrofluorimetry. As shown in Fig. 1C, all the
aromatically modified polypeptides (P1–P6) showed notably

higher cellular internalization levels than their unmodified analogue (P0) by up to 2.5 folds, which indicated that the incorporation of aromatic residues greatly enhanced their membrane

Fig. 1. (A) CD spectra of P0 to P8 in DI water at pH 7.0 (0.1 mg/mL). (B) FITC-Tris uptake level in HeLa cells following co-incubation with polypeptides for 2 h at 37 °C (n = 3).
(C) Cell penetration levels of RhB-labeled polypeptides in HeLa cells (left), the fold of increment over P0 in terms of the penetration level, and inhibition percentage at 4 °C
(right) (n = 3).

N. Zheng et al. / Acta Biomaterialia 58 (2017) 146–157

penetration capabilities. When compared to their analogues bearing the isopropyl (hydrophobic and aliphatic) side groups (P7
and P8), aromatic polypeptides also showed significantly higher
membrane activities, which suggested that apart from hydrophobicity, the introduced aromaticity greatly contributed to the membrane activities, mainly because the aromatic residues have more
favorable free energies of internalization into the cell bilayer membrane. An increase in the aromatic content from 20 mol% to 50 mol
% led to a significant decrease in the penetration level, which could
be attributed to the excessive loss of positive charges on polypeptides that hampered the electrostatic interactions between positively charged polypeptides and negatively charged phospholipid
bilayers in cell membranes. Among all the co-polypeptides, P3
with 20 mol% of naphthyl side terminal groups exhibited the highest penetration levels in HeLa cells, which was 25 fold higher than
Arg9, a widely recognized CPP.
To further evaluate the involvement of endocytosis during
polypeptide-assisted membrane penetration, we further evaluated
the cellular uptake level of RhB-labeled polypeptides in HeLa cells
following incubation at 4 °C for 4 h, when the energy-dependent
endocytosis pathway is completely blocked. As shown in Fig. 1C,
the uptake level of un-modified P0 was remarkably inhibited by
61% at 4 °C compared to that at 37 °C, suggesting that it penetrated
into cells mainly through endocytosis. In huge difference to P0, the
uptake level of aromatically modified polypeptides (P1–P6) was
inhibited by only 18  43%, indicating that aromatic side groups
allowed more polypeptides to penetrate cell membranes via nonendocytic pathways. CLSM observation also revealed extensive
intracellular fluorescence of RhB-P3 following incubation at 4 °C
in comparison to the remarkable reduction in the intracellular fluorescence of RhB-P0 at 4 °C (Supplementary Fig. S1). Endosomal
entrapment following the endocytosis mechanism represents one
of the most critical barriers against effective intracellular delivery,
because the cargo molecules will not have the chance to reach the
targeted sub-cellular compartment to exert biological/pharmacological functions unless they afford an effective strategy to escape
from endosomes/lysosomes [30,31]. In this regard, the aromatic
polypeptides featuring non-endocytic cell penetration capabilities
would find promising potentials for effective intracellular delivery
of cargo molecules. P7 and P8 that bear the hydrophobic yet nonaromatic isopropyl groups showed relatively higher inhibition
rates at 4 °C in terms of the cell penetration levels, which again
highlighted the importance of aromaticity in mediating nonendocytic membrane penetration. This result was also proved by
the cell penetration level in the presence of various endocytosis
inhibitors (Supplementary Fig. S2).
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Because helical polypeptides have been previously demonstrated to mediate non-endocytic membrane penetration via the
‘‘pore formation” mechanism [25–27], we thus further explored
the effect of aromatic modification on the pore formation capabilities of helical polypeptides by evaluating the cellular uptake level of
a membrane-impermeable dye, FITC in its non-reactive form, FITCTris [22]. Free FITC-Tris cannot be taken up by HeLa cells while the
pre-treatment of helical polypeptides led to a significant increase of
FITC-Tris uptake level (Fig. 1B), indicating that the helical polypeptides were able to puncture pores on the cell membranes to allow
direct diffusion of FITC-Tris into the cells. All the aromatically modified polypeptides revealed significantly lower FITC-Tris uptake
level than their un-modified analogue P0, which could be ascribed
to the partial replacement of amine groups by aromatic domains
that diminished the cationic charge densities on polypeptide structures to weaken the pore formation potency. In combination with
the remarkably improved membrane penetration properties yet
reduced pore formation potency of aromatic polypeptides, it was
suggested that aromatic domains may promote the polypeptides
to direct translocate across cell membranes, an efficient, nonendocytosis pathway other than the ‘‘pore formation” mechanism
that numerous CPPs utilize to enter cells. In support of such hypothesis, random coiled analogues of P0 and P3 were synthesized via
polymerization of the racemic DL-NCA (termed as P0(DL) and P3
(DL), respectively), and their cellular uptake levels as well as pore
formation capabilities were further assessed. Because of their
random-coiled conformation (Fig. 2A), the helicity-associated pore
formation property was deprived (Fig. 2C). P0(DL) showed minimal
uptake level at both 37 °C and 4 °C, indicating its impotency to penetrate membranes via direct translocation. Comparatively, P3(DL)
showed notably higher uptake level than P0(DL) at 37 °C and 4 °C,
and its uptake level was inhibited by only 25% at 4 °C compared
to that at 37 °C (Fig. 2B), which again demonstrated that the aromatic side terminal groups greatly contributed to the membrane
penetration capabilities of polypeptides via the direct translocation
mechanism rather than the pore formation mechanism.
3.3. Aromatic polypeptide-mediated gene delivery in vitro
The capabilities of aromatic helical polypeptides to mediate
gene delivery were evaluated with plasmid DNA (pDNA) encoding
luciferase (pCMV-Luc) as the reporter gene. Because of their polycationic nature, all the polypeptides were able to condense the
anionic pDNA at the polypeptide/DNA weight ratios higher than
8 (Supplementary Figs. S3 and S4) as evidenced by the gel retardation assay and EB exclusion assay. Upon complete condensation of

Fig. 2. (A) CD spectra of P0 and P3 with different a-carbon stereochemistry in DI water at pH 7 (0.1 mg/mL). (B) Cell penetration levels of RhB-P0 and RhB-P3 in both helical
and random coiled conformation in HeLa cells at both 37 °C and 4 °C (n = 3). (C) FITC-Tris uptake level in HeLa cells following co-incubation with P0 and P3 in both helical and
random coiled conformation for 4 h at 37 °C (n = 3).

154

N. Zheng et al. / Acta Biomaterialia 58 (2017) 146–157

DNA, nano-scale complexes (150 nm) with positive zeta potential
(+30 mV) were obtained (Supplementary Fig. S5). pDNA was then
labeled with YOYO-1 and allowed to form complexes with
polypeptides, and the capability of polypeptide to mediate intracellular DNA delivery was evaluated in HeLa cells following 4-h
incubation. As shown in Fig. 3A, the aromatic polypeptides featured stronger potency than the un-modified P0 in promoting
intracellular delivery of pDNA, and the top-performing P3 bearing
20 mol% of naphthyl side chains showed the highest DNA uptake

level which was three fold higher than P0. Such tendency accorded
well with the membrane penetration activities of the polypeptides
(Fig. 1C). When incubated at 4 °C, the DNA uptake level mediated
by aromatic polypeptides (P1–P6) was inhibited by 40% in comparison to the 70% inhibition level for the unmodified P0, further
demonstrating that aromatic domains on polypeptide side chains
promoted the non-endocytic delivery of DNA cargos into cells. To
further evaluate the endosomal escape mediated by the aromatic
polypeptides, we visualized the intracellular distribution of

Fig. 3. (A) Uptake level of complexes containing YOYO-1-DNA in HeLa cells following incubation for 4 h at 4 °C and 37 °C (left), fold of increment over P0 (right), and
inhibition percentage at 4 °C (right) (n = 3). (B) CLSM images of HeLa cells treated with P3/YOYO-1-DNA and P0/YOYO-1-DNA complexes for 4 h. Blue, DAPI-stained nuclear.
Green, YOYO-1 stained DNA. Red, Lysotracker Red stained endosome/lysosome. Bar represents 20 lm. (C) Colocalization ratio of YOYO-1-DNA with Lysotracker Red-stained
endosomes (n = 20). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (A) Transfection efficiencies of P0 to P8 in HeLa cells at various polymer/DNA weight ratios in the absence of serum (n = 3). (B) Comparison of the transfection
efficiencies of P0 and P3 in HeLa cells at various polymer/DNA weight ratios in the absence or presence of 10% serum (n = 3).
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Fig. 5. Cytotoxicity of P0 to P8 following 24-h incubation in HeLa cells as
determined by the MTT assay (n = 3).

YOYO-1-DNA and its colocalization with Lysotracker Red-stained
endosomes by CLSM (Fig. 3B). Greater separation between red fluorescence (Lysotracker Red) and green fluorescence (YOYO-1-DNA)
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was noted for the aromatic polypeptide P3 compared to the nonmodified P0, substantiated that the non-endocytic, direct translocation of gene cargoes mediated by the aromatic polypeptide effectively avoided the entrapment by endosomes, a critical barrier
against effective gene transfection. Such findings were further supported by the quantitative analysis of CLSM images which revealed
significantly lower colocalization ratio between green and red fluorescence for P3 than for P0 (Fig. 3C).
We next investigated the in vitro gene transfection efficiencies
in HeLa cells. Under serum-free conditions, enhanced luciferase
expression levels were noted for polypeptides modified with phenyl and naphthyl groups (P1–P4), and an increased aromatic content from 20 to 50 mol% led to decreased transfection efficiencies
that were consistent with their aromaticity-associated membrane
activities (Fig. 4A). P3 that afforded the strongest membrane penetration capabilities also enabled the highest transfection efficiency, which was 10.7 and 11.5 fold higher than P0 and
commercial transfection reagent Lipofectamine 2000 (LPF), respectively. In the presence of 10% serum, the transfection efficiencies of
P0 was dramatically decreased by 80% in comparison to the 30%
reduction for P3 (Fig. 4B), which indicated that aromatic modification enhanced the resistance of polypeptide/DNA complexes
against serum. Such enhanced serum resistance could be presumably attributed to the decreased positive charge densities and the
presence of aromatic domains that inhibited protein binding onto
polyplex surfaces, and thus provided desired advantages for effective in vivo gene delivery that is often compromised by the pres-

Fig. 6. (A) CLSM images of melanoma tissues following intratumoral injection of naked Cy5-DNA and P3/Cy5-DNA polyplexes. Red, Cy5-DNA. Blue, DAPI-stained nuclear. Bar
represents 50 lm. (B) In vivo transfection efficiencies of P3/DNA polyplexes, PLL/DNA polyplexes, PEI/DNA complexes, free DNA, and free buffer solutions following
intratumoral injections in B16F10 xenograft tumor-bearing C57BL6 mice at 30 lg DNA/mouse (n = 4).
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ence of serum [41,42]. The enhanced transfection efficiencies
under both serum-free and serum-containing conditions were further substantiated in B16F10 cells (Supplementary Fig. S6).
3.4. Cytotoxicity of aromatic polypeptides
The transfection efficiency and cytotoxicity of polycations,
including the cationic helical polypeptides, are often inversely correlated [43,44]. Cationic polypeptides with higher charge density
often afford stronger DNA condensation capacities, higher membrane activities as well as transfection efficiencies. However, they
also induce severe cytotoxicities when excessive membrane activities are imposed. Therefore, optimal balance between the membrane activity and cytotoxicity is of particular importance during
the design of gene vectors. As indicated by Fig. 5, all the aromatically modified polypeptides (P1–P6) demonstrated lower cytotoxicities than the unmodified P0 toward HeLa cells, which could be
mainly attributed to the reduced cationic charge densities on
polypeptide side chains that diminished the charge-induced irreversible membrane damage. Similar trend was also noted for
polypeptide/DNA complexes following incubation with HeLa cells
for 24 h (Supplementary Fig. S7). More importantly, P3 showed
notably lower cytotoxicity than PEI as a widely used transfection
reagent (Supplementary Fig. S8), which clearly verified its advantage over existing gene delivery systems.
3.5. In vivo gene delivery in melanoma-bearing mice
P3, the top-performing polypeptide identified above in terms of
the in vitro transfection efficiency, was further explored for its
capability to mediate in vivo transfection in melanoma-bearing
mice following intratumoral injection. Polyplexes containing Cy5labeled DNA were first injected and the intracellular distribution
of Cy5-DNA was visualized 4 h later. As shown in Fig. 6A, extensive
Cy5 fluorescence was distributed in the tumor cells and cell nuclei
after intratumoral injection of P3/Cy5-DNA polyplexes, while negligible Cy5 fluorescence was noted for naked DNA, which verified
that P3 was able to efficiently deliver plasmid DNA into melanoma
tumor cells in vivo. As shown in Fig. 6B, the aromatically modified
P3 afforded higher transfection efficiencies than the unmodified
P0, poly(L-lysine) (PLL), and commercial transfection reagent PEI
(25 kDa) in terms of enhanced luciferase expression levels at 48 h
post intratumoral injection at 30 mg pCMV-Luc/mouse, which
could be attributed to the collective outcomes of aromatic
domain-strengthened membrane activities and serum resistance
of helical polypeptide/DNA complexes. With its higher transfection
efficiencies while lower toxicities than commercial reagent PEI, the
aromatically modified helical polypeptide holds potentials as a
promising addition to existing systems toward topical gene delivery for cancer therapy.
4. Conclusion
In conclusion, we have developed aromatically modified, cationic, a-helical polypeptides which afford superior membrane activities as well as gene delivery efficiencies. More importantly, we
unraveled that the incorporation of aromatic domains significantly
altered their membrane penetration mechanisms to promote the
non-endocytic internalization of gene cargos via direct membrane
transduction rather than the pore formation mechanism. As a consequence, the endosomal entrapment of cargos could be avoided
and the material toxicity could be reduced. The aromatic motifs
also enhanced the resistance against serum, leading to efficient
gene transfection under serum-containing conditions. This study
provides a promising mechanism-driven structural design strategy

which manipulates the membrane penetration mechanisms of
helical polypeptides to overcome the multiple critical barriers
against non-viral gene delivery. The aromatic polypeptides with
desired transfection efficiencies in melanoma cells in vitro and
in vivo also hold promising potentials toward the topical gene
delivery for cancer therapy.
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