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Abstract: Background: Development of effective drug delivery systems (DDS) is a critical issue in
health care and medicine. Advances in molecular biology and nanotechnology have allowed the intro-
duction of nanomaterial-based drug delivery systems. Cell-penetrating peptides (CPPs) can form the
basis of drug delivery systems by virtue of their ability to support the transport of cargoes into the cell.
Potential cargoes include proteins, DNA, RNA, liposomes, and nanomaterials. These cargoes gener-
ally retain their bioactivities upon entering cells.

Method: In the present study, the smallest, fully-active lactoferricin-derived CPP, L5a is used to dem-
onstrate the primary contributor of cellular internalization.

ARTICLE HISTORY

Results: The secondary helical structure of L5a encompasses symmetrical positive charges around the
periphery. The contributions of cell-specificity, peptide length, concentration, zeta potential, particle
size, and spatial structure of the peptides were examined, but only zeta potential and spatial structure
affected protein transduction efficiency. FITC-labeled L5a appeared to enter cells via direct membrane
translocation insofar as endocytic modulators did not block FITC-L5a entry. This is the same mecha-
nism of protein transduction active in Cy5 labeled DNA delivery mediated by FITC-L5a. A significant
reduction of transduction efficiency was observed with structurally incomplete FITC-L5a formed by
tryptic destruction, in which case the mechanism of internalization switched to a classical energy-
dependent endocytosis pathway.
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Conclusion: These results support the continued development of the non-cytotoxic L5a as an efficient
tool for drug delivery.
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1. INTRODUCTION or transdermal pathways [2]. Molecular biology, genetic
medicine and nanotechnology have introduced novel modes
of drug delivery [2]. Moreover, new materials and methods
for drug targeting allow the use of nanomaterials, nucleic
acids (plasmid DNA, siRNA, mRNA, and aptamer) and pep-
tidic biochemicals (small peptide and protein) as therapeutic
agents [3]. Investigations of drug delivery have focused on
the development of novel delivery vehicles, identification of
the routes of delivery, utilization of different types of car-
goes, and refinement of targeting and release strategies [4].

Drug delivery systems are a major consideration in drug
development. Efficient and biocompatible drug delivery sys-
tems can minimize side effects from drugs and increase drug
safety. Therapeutic efficiency can be increased by increasing
the absorption rate, reducing drug degradation and targeting
drug release [1]. Drug delivery systems are no longer confined
to the traditional oral delivery, injection, mucosal absorption,
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In particular, the maturation of nanotechnology and the ex-
ploitation of nanomaterials have led to advances in drug de-
livery systems and the controlled release of therapeutic

© 2017 Bentham Science Publishers



570 Current Pharmaceutical Biotechnology, 2017, Vol. 18, No. 7

molecules [1]. Nanoparticles can be manipulated with re-
spect to size, shape and chemical functionality to broaden
their applicability in drug delivery systems [3]. Many nano-
materials, such as micelles [4], liposomes [3], inorganic ma-
terials (e.g. gold nanoparticles, ferrofluids, quantum dots
(QDs), and silica) [5, 6], and peptides [7], have been devel-
oped as drug or gene carriers and for use in diagnosis, and
imaging. Nanomaterials derived from natural products often
have additional advantages of safety and biodegradability.

Cell-penetrating peptides (CPPs) or protein transduction
domains (PTDs) that are able to traverse cell membranes,
thereby delivering various cargoes into living cells, have
been introduced as novel harmless delivery vehicles [8, 9].
The first CPPs were derived from human immunodeficiency
virus type 1 (HIV-1) transactivation of transcription (Tat)
protein, which contains eleven basic-rich residues [10]. CPPs
include amphipathic, hydrophobic and cationic peptides [11].
CPPs can be classified as naturally-derived, designed, and
chimeric, depending on their source [12]. A CPP database
has been published [13]. The ability of CPPs to deliver bio-
logically active molecules, including proteins, nucleic acids,
peptide nucleic acids, cytotoxic therapeutic drugs, inorganic
particles and liposomes into cells has been widely reported
[9, 12, 14]. CPPs form complexes with cargoes by different
methods [15-19]. The cargoes that CPPs can deliver vary in
size up to 200 nm in diameter [20]. CPPs are generally non-
toxic to cells, tissues, and small organisms [21-27]. There-
fore, CPPs are potent tools for delivering the therapeutic
molecules in preclinical and clinical studies.

The antimicrobial peptide lactoferricin, derived from a
glycoprotein rich in milk, saliva, tears, and mucous secre-
tions in mammals, was recently identified as a CPP [28-30].
Many lactoferricin derivatives possess antiviral, antifungal,
antimicrobial, antitumoral, antiprotozoal, anticancer, and
antihypertensive properties [31]. The antibacterial active
domain of lactoferricin is located in its N-terminal region.
The antimicrobial core region lactoferricin was found to be
restricted to only six amino acids (RRWQWR) [31]. This
core domain, termed bLFcine_ possessed bactericidal potency
as well as the ability to deliver small interfering RNA
(siRNA) [32]. High transduction efficiency was observed
with bLFcine, in HeLa cells, with no evidence of immuno-
genicity or cytotoxicity [32]. Cellular penetrating ability was
observed with two lactoferricin derivatives: L5a (RRWQW)
and L5b (RWQWR) [32, 33]. L5a delivered plasmid DNA
into mammalian cells with a higher efficiency than L5b [33].

The mechanism underlying CPPs entry into cells is still
controversial. Considerable evidence indicates that classical
endocytosis-dependent pathway and direct membrane trans-
location are the major routes for CPPs uptake [34]. Many
factors, including the types of CPPs and the nature of the
cargo, appear to affect the internalization route [18, 35, 36].
The shortest CPP, L5a, displays high transduction efficiency
at a low concentration and enters cells rapidly [33]. How-
ever, the mechanism of cellular internalization for L5a is still
uncertain. In this study, we examined different factors that
influence L5a internalization, and also analyzed the role of
secondary structure of FITC-labeled L5a on internalization
efficiency. Finally, we evaluated the possible mechanism for
FITC-L5a internalization using various endocytosis modula-
tors. The entry pathway for FITC-L5a with intact secondary
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structures was compared to that of trypsin-treated FITC-L5a
with altered structure.

2. METHODS AND MATERIALS
2.1. Cell Culture

Human bronchoalveolar carcinoma A549 cells (Ameri-
can Type Culture Collection, Manassas, VA, USA; CCL-
185) were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Invitrogen, Carlsbad, CA,
USA) supplemented with 10% (v/v) bovine serum (Gibco)
[36]. Human embryonic kidney 293FT cells (HEK293FT,
kindly provided from Dr. Chen, Hwei-Hsien, National Health
Research Institutes, Taiwan), were maintained in Dulbecco’s
modified Eagle medium (DMEM) (Gibco) supplemented
with 10% (v/v) fetal bovine serum (Gibco) [37, 38]. Living cells
were determined using trypan blue stain. Cells were washed
with phosphate buffered saline (PBS) three times before and
after each treatment. The culture medium was switched to se-
rum-free RPMI medium during each experiment.

2.2. Peptides and Plasmid DNA Preparation

Various fluorescein isothiocyanate (FITC) N-labeled
peptides, including histidine-rich nona-arginine denoted as
FITC-HR9 (CHHHHHRRRRRRRRRHHHHHC) [35], 13-
residues containing FITC-lactoferricin (CRRWQWRMKK-
LGC) [28], FITC-L12 (FKCRRWQWRMKK), FITC-L11
(KCRRWQWRMKK), FITC-L9 (RRWQWRMKK), FITC-
L6 (RRWQWR), FITC-L5a (RRWQW), and FITC-L5b
(RWQWR) were chemically synthesized (Genomics, Taipeli,
Taiwan). Partial CPPs, such as FITC-L5a and FITC-L5b,
were purchased from GMbiolab Co. Ltd. (Taichung, Tai-
wan). All peptides were purified and quantified by HPLC.
The purities of products were > 85%. The chemical struc-
tures and masses of all peptides used in experiments are
shown in Table 1.

In experiments correlating peptide secondary-structures
with cellular uptake, FITC-L5a was incubated with 0.4 pg of
trypsin (Gibco) at 37°C for 1 h at an enzyme/substrate ratio
of 1/100 [39].

The pEGFP-N1 plasmid DNA containing the enhanced
green fluorescent protein (EGFP) gene was purchased from
Invitrogen. To prepare fluorescence-labeled DNA, pEGFP-
N1 was labeled with the LabeIT® Cy5™ Labeling Kit (Mi-
rus Bio, Madison, WI, USA) according to the manufacturer's
instructions.

2.3. Protein Internalization and Mechanistic Assay

In protein internalization experiments, A549 cells were
treated with 10 uM of FITC-labeled lactoferricin derivatives
at 37°C for 1 h, followed by Hoechst33342 staining follow-
ing manufacturer's instructions (Invitrogen). The penetrating
ability of FITC-labeled lactoferricin derivatives was moni-
tored using fluorescent microscopy.

To determine cell line specific effects and the effect of
the length of the FITC-labeled lactoferricin derivative, both
A549 and HEK293FT cells were treated with 5 uM of FITC-
labeled lactoferricin derivatives at 37°C for 1 h, and then
analyzed by flow cytometry.
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Table 1. Peptide list.
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Peptides M. W. Purity | Primary Sequence .
Name (Daltons) (%) N—C) Chemical Structures
CHHHHHRRRRRR
FITC-HR9 | 3503.95 87.31 RRREHHHHHC
FITC- CRRWQWRMKKL
Lactoferricin 2253.72 88.84 GC
FITC-L12 2255.72 89.71 |FKCRRWQWRMKK
FITC-L11 2108.54 85.65 | KCRRWQWRMKK
FITC-L9 1877.23 89.87 RRWQWRMKK
FITC-L6 1489.68 87.27 RRWQWR

(Table 1) Contd....
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Peptides M. W. Purity | Primary Sequence .

Name (Daltons) (%) (N>C’) Chemical Structures
FITC-L5a 1333.51 91.54 RRWQW
FITC-L5b 1333.51 86.73 RWQWR

HN

FITC-L5a- . R+RWQW or +

digest Uncertain | 91.54 RR+WQW +

L ol
Ny or 3:""

To evaluate dose dependency, A549 cells were treated
with 0, 1, 5, 10 or 30 uM of FITC-labeled lactoferricin de-
rivative at 37°C for 1h. To study the effect of secondary
structure in peptides of the same length, 10 uM FITC-L5a
and FITC-L5b were incubated with A549 cells at 37°C for 1
h, followed by the analysis of fluorescent microscopy and
flow cytometry.

In cellular transport assays, cells were treated with 2 uM
of sodium fluoride (NaF; MedChemexpress; MCE, NI,
USA) [40, 41], 7.5 uM of filipin (Sigma-Aldrich, St. Louis,
MO) [42], or 10 uM of cytochalasin (CytD; Sigma-Aldrich)
[42] at 37°C, followed by incubation with either FITC-L5a
or digested FITC-L5a for 1 h. To evaluate the role of
macropinocytosis, cells were treated with 100 uM of 5-(N-
ethyl-N-isopropyl)-amiloride (EIPA; Sigma-Aldrich) [42],
followed by either FITC-L5a or digested FITC-L5a for 1 h.
To evaluate the role of microtubules, cells were treated with
10 uM of nocodazole to depolymerize the microtubules, fol-
lowed by incubation with either FITC-L5a or digested FITC-
L5a for 1h [42].

For cargo delivery mediated by L5a, 10 uM FITC-L5a
was pre-mixed with CyS5 labeled plasmid DNA at a N/P ratio
of 12 to form complexes. A549 cells were treated with Cy5-
DNA alone, FITC-LS5a alone, or FITC-L5a/Cy5-DNA com-
plexes at 37°C for 1 h. As a positive control, cells were
treated with Lipofectamine (Invitrogen) premixed with DNA
according to the manufacturer's instructions. Cells without
any treatments were served as a negative control. In the
mechanistic study, cells were pre-incubated with various

endocytic modulators at 37°C for 30 min, followed by FITC-
L5a/Cy5-DNA complexes treatments for 1 h.

2.4. Confocal and Fluorescent Microscopy

Fluorescent and bright-field images were recorded using
an AE31 inverted Epi-fluorescence microscope (Motic,
Causeway Bay, Hong Kong) with an IS1000 eyepiece
(Tucsen, Fujian, China) or a Nikon AIR" confocal laser
scanning microscope system (Nikon, Tokyo, Japan) using
NIS-elements documentation software (Nikon). With the
AE31 fluorescent microscope, excitation filters were set at
480/30 and 350/50 nm for green fluorescent protein (GFP)
and blue fluorescent protein (BFP) channels, respectively.
Emission filters were set at 535/40 and 460/50 nm for GFP
and BFP channels, respectively. With the Nikon AIR" con-
focal laser scanning microscope system, two solid-state la-
sers of 405 nm and 488 nm were used as the excitation
source, and emission filters were set at 525/50 and 450/50
nm for the GFP and BFP channels, respectively. Bright-field
images were used to observe cell morphology. The intensity
of fluorescent images was quantified using UN-SCAN-IT
software (Silk Scientific, Orem, UT, USA).

2.5. Flow Cytometric Analysis

Cells were seeded at a density of 1x 10° per well in 24-
well plates and incubated overnight in 500 pl/well of com-
plete culture medium. Cells in the control and experimental
groups treated with various FITC-labeled peptides were har-
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vested and counted using a Cell Lab Quanta SC MPL flow
cytometer (Beckman Coulter, Fullerton, CA, USA) or a Gal-
lios Flow Cytometer (Beckman Coulter). To detect green
fluorescence (FITC), excitation was set at 488 nm and emis-
sion at 515-545 nm using a FL1 filter. To detect red fluores-
cent probes (Cy5), excitation was set at 638 nm and emission
at 650-670 nm performed as a FL3. Data were analyzed us-
ing CXP software (Beckman Coulter). Results are expressed
as the percentage of the total cell population that displays
fluorescence.

2.6. Zeta-potential and Particle Size Measurements

CPPs (10 uM) were dissolved in double deionized water
and vibrated to achieve homogeneity. Each solution was
temperature-equilibrated at 25°C for 2 min in a capillary
DTS1070 cuvette (Malvern Instruments, Worcestershire, UK).
Sizes and zeta-potentials of peptides were measured using a
Zetasizer Nano ZS and analyzed using Zetasizer software 6.30
(Malvern Instruments, Worcestershire, UK) [33, 42].

2.7. Cytotoxicity Assay

To assess the cytotoxicity of experimental treatments,
AS549 cells were seeded at a density of 1 x 10* per well in 96-
well plates and incubated overnight in 200 pl/well of full
growth medium. Cells were treated with serum-free medium
as a negative control, treated with 100% dimethyl sulfoxide
(DMSO) as a positive control, or treated with FITC-L5a with
an absence or presence of endocytosis modulators in serum-
free RPMI medium at 37°C for 24 h. To measure the cyto-
toxicity of FITC-L5a/Cy5-DNA complexes, A549 cells were
treated with complexes with an absence or presence of endo-
cytosis modulators at 37°C for 24 h. The cells were washed
with PBS at least three times before 1-(4,5-dimethylthiazol-
2-y1)-3,5-diphenylformazan (MTT) dye was applied. Cell
viability was measured using the colorimetric MTT dye re-
duction assay as previously described [36].

2.8. Statistical Analysis

Data are expressed as mean + standard deviations (SDs).
Statistical comparisons between the control and experimental
groups were undertaken using the Student's 7-test. Mean val-
ues and SDs were calculated for each sample assayed in at
least three independent experiments. The level of statistical
significance was set at P < 0.05 (*) or 0.01 (**).

3. RESULTS

3.1. Cellular Internalization of Various Lactoferricin De-
rivatives

Lactoferricin derivatives containing different numbers of
amino acids were designed (Table 1). Human A549 cells
were treated with 10 uM of FITC-labeled lactoferricin de-
rivative peptides and then observed for cellular internaliza-
tion using a fluorescent microscope (Fig. 1A). Strong green
fluorescence was detected in all peptide-treated groups; little
fluorescence was observed in negative controls (Fig. 1A).
This indicates that FITC-HR9, FITC-lactoferricin, FITC-
L12, FITC-L11, FITC-L9, FITC-L6, and FITC-L5a are highly
active CPPs. Peptide sequences are shown in Fig. (1B).
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3.2. Cell Type Specific Internalization of Various Lac-
toferricin Derivatives

To understand the effects of cell-specificity on cellular
internalization, human lung cancer cells (A549) and viral-
modified human embryonic kidney cells (HEK293FT) were
incubated with various FITC-labeled lactoferricin derivatives
(Fig. 2A). The uptake efficiencies of peptides were analyzed
using a flow cytometer, and calculated as the fraction of
fluorescent-positive cells. There was no significant differ-
ence between A549 and HEK239FT in the fraction of posi-
tive cells with any peptide (Fig. 2A; P’s > 0.05). To evaluate
the influence of peptide length on cell internalization, the
relationship between peptide length and protein internaliza-
tion efficiency was analyzed using a scatter plot (Fig. 2B).
Linear regressions in A549 generated an equation of y =
3.2799 (x) + 44.258 with a Pearson’s correlation coefficients
of 0.4513; the corresponding equation in in HEK293FT was
y = 3.5309 (x) + 45.126 with a correlation coefficient of
0.4961 (Fig. 2B). Thus, there is a low correlation between
peptide length and internalization efficiency of lactoferricin-
derivative CPPs.

Previous studies indicated that the penetration abilities of
CPPs and their entry mechanisms were concentration de-
pendent [43, 44]. To determine the effects of concentration
in various lactoferricin derivatives, A549 cells were treated
with FITC-labeled peptides at 0, 1, 5, 10, and 30 uM (Fig.
2C). FITC-HRY, FITC-Lactoferricin, FITC-L12, FITC-L11,
FITC-L6, and FITC-L5a were internalized at the concentra-
tion of 1 uM; no significant differences in concentration-
dependence were observed (Fig. 2C; P’s > 0.05). Accord-
ingly, cell type, peptide length, and concentrations are not
the primary factors governing protein internalization effi-
ciency.

3.3. Influence of Peptide Secondary Structure on Cellular
Internalization

To further identify key factors governing cellular uptake
in peptides, the primary sequence of a lactoferricin-derived
pentapeptide was altered. FITC-L5a differed from FITC-L5b
in position of arginine. This slight difference in sequence
caused a marked difference in cellular internalization (Fig.
3A). Strong green fluorescence was detected in the cells
treated with FITC-L5a, while little green fluorescence was
observed in cells treated with FITC-L5b (Fig. 3A). Internali-
zation of FITC-L5a and FITC-L5b were further quantified
by flow cytometry. The population of positive cells in FITC-
L5a treated groups almost reached 100% (Fig. 3B), while the
fraction of positive cells in FITC-L5b treated groups was at a
much lower level (Fig. 3B; P < 0.01). Thus, the internaliza-
tion abilities of FITC-L5a and FITC-L5b were quite distinct,
although they shared the same length and composition of
amino acids.

To identify physical properties of FITC-L5a and FITC-L5b
which might determine cell internalization, zeta-potential, parti-
cle size, and helical structure of peptides were examined.
FITC-HRY, FITC-L5a, and FITC-LSb were analyzed in
aqueous solutions at pH 7. FITC-HR9 with strongly positive
charges served as a positive control [33]. The zeta-potential of
FITC-L5b was electro negative at pH 7 (0.8 + 1.2 mV), while
the zeta-potential of FITC-L5a was 1.5 + 0.7 mV (Fig. 3C).
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Fig. (1). Cellular internalization of various lactoferricin derivative peptides. A) 549 cells were treated with various length of lactoferricin
derivates labeled with FITC in the concentration of 10 uM for 1 h. B) Cells without any treatments were served as the negative control, and
treated with 10 pM FITC-HRO as the positive control. All images were observed with a Motic AE31 fluorescent microscope at the magnifica-
tion of 400x. GFP channel displayed the intracellular distribution of peptides, and bright fields revealed the cell morphologies.

All three peptides were of similar sizes: 164.09 £ 11.6 nm,
112.38 £ 72.8 nm, and 101.97 + 96.8 nm (Fig. 3C; P’s >
0.05). These results agree with our previous finding that the
electrostatic interactions can be a predictor of internalization
efficiency within the charge range tested [33, 42, 45].

To explore the differences in spatial architecture that
might contribute to differences in internalization efficiency
of FITC-L5a and FITC-L5b, Helical wheel progress of Se-
qWeb v3.1.2 software was used to recognize amphiphilic
regions in peptides [46, 47]. Peptide sequences of FITC-L5a
and FITC-L5b were plotted as helical wheels set in 18 steps

and 5 turns of output section (Fig. 3D; left). Helical wheel
projections converted into quadrantal and rota-schematic
diagrams showed the differing distribution of the charged
and hydrophobic sections of the three-dimensional structures
(Fig. 3D; middle and right). Symmetry of basic residues in
FITC-L5a generating the homogenously positive sheath of
structures in space diverged from the hemispherical features
of charged/hydrophobic sections in FITC-L5b (Fig. 3D;
middle and right). These results confirmed previous descrip-
tions of differences in zeta potential between FITC-L5a and
FITC-L5b.
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Fig. (2). Factors involved in cellular internalization of lactoferricin-derived peptides. (A) Cell type-specific effects in cellular internaliza-
tion of different lactoferricin-derived peptides. Both HEK293FT cells and A549 cells were treated with 5 pM FITC labeled lactoferricin de-
rivatives for 1 h and the internalization efficiency was measured with the flow cytometry. Cells without any treatment served as negative con-
trols and cells treated with FITC-HRY as positive controls, respectively. (B) Correlation between protein transduction efficiency and the
lengths of lactoferricin-derived peptides. Five micromolar of different lengths of peptides were incubated with HEK293FT and A549 cells,
respectively, and their protein transduction efficiencies were correlated with peptide lengths. Blue thombi and pink squares in the scatter plot
indicated the results of the correlation between peptide lengths and efficiencies in A549 and HEK293FT, respectively. The pecked line and
dotted line revealed the linear regressions in A549 and HEK293FT, respectively. Pearson correlation coefficients (R) for A549 were shown at
the up-left of the scatter plot (R = 0.4513) and at the down-right position for HEK293FT (R* = 0.4961). (C) Dosage-dependent effects on
cellular internalization. FITC-labeled peptides at 1, 5, 10, and 30 uM concentrations were incubated with A549 cells for 1 h and cellular in-

ternalizations were analyzed using a flow cytometer. Cells without any treatment served as negative controls while cells treated with FITC-
HRY as positive controls.
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Fig. (3). Comparison of lactoferricin-derived pentapeptides with different primary and secondary structures. (A) Microscopy of cellu-
lar internalization in two different sequences of pentapeptides. A549 cells were treated with 10 uM FITC-labeled L5a and L5b for 1 h, respec-
tively. GFP channels and bright fields revealed the distributions of FITC-labeled L5a and L5b, as well as cell morphologies. All images are
obtained using a Motic AE31 fluorescent microscope with a magnification of 400x. The primary architectures of lactoferricin, L5a, and L5b
sequences were shown below images. Basic residues were revealed in red and hydrophobic amino acids were in cyan. (B) Flow cytometry
analysis of cellular internalization in lactoferricin-derived pentapeptides. 10 uM FITC-labeled L5a and L5b were incubated with A549 cells
for 1 h, and the fraction of cells internalizing peptides was determined by flow cytometry. Cells without any treatment served as negative
controls. Statistical comparisons between FITC-L5a and FITC-L5b were performed by student’s- test. Significant differences set at P <0.01
(**). Data of each treatment group are presented as mean £+ SD from seven independent experiments. (C) Zeta potential and particle size
analyses of peptides. FITC-HR9, FITC-L5a, and FITC-L5b were dissolved in double deionized water and measured for both zeta potential
and sizes using a Zetasizer Nano ZS. FITC-HR9 served as a positive control. Data of each treatment group are presented as mean £ SD from
five independent experiments. (D) Comparison of secondary structures in L5a and L5b in helical wheel. Helical wheel software was used for
L5a and L5b helical structures prediction (left). Quadrantal diagrams and rota-schematic diagrams simulated the distributions of positive-
charges and hydrophobicity (middle and right). Basic amino acids were shown in red and hydrophobic amino acids were in cyan.
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Fig. (4). Mechanisms of FITC-L5a cellular internalization. (A) Flow cytometric analysis. A549 cells were treated with endocytosis inhibi-
tors for 30 min before incubation with FITC-L5a. After protein transduction procedure, the fraction of cells internalizing the FITC-L5a was
analyzed with a flow cytometer. Statistical comparisons to the control of FITC-L5a were performed by student’s- test. Significant differences
were set at P <0.05 (*) and P <0.01 (**). Data of each treatment group are presented as mean + SD from four independent experiments. (B)
Confocal microscopy of cellular internalization of FITC-L5a with different inhibitor treatments. Cells were stained with Hoechst33342. GFP,
BFP channels and bright fields revealed the distributions of FITC-labeled L5a, nuclei, and cell morphologies. Images were obtained by a
Nikon A1R+ confocal laser microscope system with a magnification of 800x. (C) Quantification of the cellular internalization of FITC-L5a.
The fluorescent intensity of FITC-L5a was quantified using the UN-SCAN-IT software. Each experimental group was compared with the
control of FITC-L5a and statistical differences were calculated using the Student's #-test. Significant differences were set at P <0.05 (*) and
P <0.01 (**). Data of each treatment group are presented as mean + SD from five independent experiments.

As FITC-L5a peptide was efficiently taken up by cells, displaying with FITC fluorescence (Fig. 4). Cells with FITC-
we investigated the mechanism of its cellular internalization. L5a peptide displayed high efficiency of protein internaliza-
Cells were treated with cellular process modulators before tion in flow cytometric data (Fig. 4A). Disruption of energy-
adding FITC-L5a, and then analyzed with flow cytometry dependent cellular uptake processes by sodium fluoride did
and confocal microscopy to estimate the fraction of cells not compromise cellular uptake of FITC-L5a, (Fig. 4A;
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99.63 £ 0.3% vs. 99.99 £+ 0.02%). There was no difference in
uptake in the presence or absence of the F-actin rearrange-
ment inhibitor (CytD) (Fig. 4A; 95.28 + 3.2%; P > 0.05).
Nocodozle and filipin were used to investigate clathrin- and
caveolae-related cellular uptake. Cell populations with FITC
fluorescence were 99.98 + 0.02% and 99.19 + 0.6% in the
nocodozole or filipin treated groups, respectively (Fig. 4A).
We treated cells with macropinocytic inhibitor EIPA. EIPA
slightly reduced the fluorescent population in FITC-L5a
treated cells, but no significant difference was observed (Fig.
4A;91.77 £ 16.5%; P > 0.05). Thus, FITC-L5a entry did not
appear to involve endocytosis pathways.

Confocal microscopy was used to further confirm the
mechanism of cellular internalization of FITC-L5a. Various
intensities of green fluorescence were detected in cells
treated with FITC-L5a in an absence (control) or presence of
endocytic modulators (Fig. 4B). Interestingly, FITC-L5a in
each treated group colocalized with nuclei (Fig. 4B). The
change of fluorescent intensity was quantified from signals
of GFP channel in Fig. 4B. Results from these analyses (Fig.
4C) were in agreement with those from the flow cytometry
(Fig. 4A). The application of modulators did not lead to sig-
nificant differences in comparison with the control (P >
0.05). Accordingly, it is possible that direct membrane trans-
location is the pathway for FITC-L5a uptake.

To further confirm the importance of the secondary struc-
tures in FITC-L5a in cellular internalization, incompletely
symmetric architectures of peptides were produced by tryptic
digestion. Cells were treated with digested FITC-L5a in the
absence or presence of endocytic modulators, and analyzed
by both flow cytometry and confocal microscopy (Fig. 5).
The fraction of FITC positive cells treated with tryptic FITC-
L5a, but without an endocytic modulator (the control), was
reduced to 72.03 + 10.4% (Fig. 5A). All groups treated with
chemical modulators had reduced in uptake compared to the
control (Fig. 5A; P’s < 0.05 or < 0.01). Energy depletion
with sodium fluoride diminished FITC-L5a uptake to the
greatest effect. However, green fluorescence was also sig-
nificantly decreased in cells treated with FITC-L5a in the
presence of CytD, nocodazol, filipin, and EIPA (Fig. 5B and
5C; P’s < 0.05 or < 0.01). Significant differences were not
observed among these groups of inhibitor treatments (Fig.
5A and 5C; P’s > 0.05). These results indicate that tryptic
FITC-L5a enter cells via a classical energy-dependent endo-
cytosis pathway (Fig. 5). We conjecture that the mechanism
of cellular internalization might have been altered as a result
of the conformational incompletion of FITC-L5a. A symmet-
rically positive-charged architecture of FITC-L5a affecting
the zeta potential and electrostatic interactions with plasma
membranes might be a key factor contributing to high inter-
nalization efficiency and direct membrane translocation.

3.4. Mechanism of L5a/DNA Complex Entry into Cells

To determine whether DNA can be delivered into cells
by L5a, A549 cells were treated with FITC-L5a/Cy5-DNA
complexes at the N/P ratio 12, and DNA transfection effi-
ciency was evaluated by flow cytometry. Cells treated with
Lipofectamine/Cy5-DNA and FITC-L5a alone served as the
positive controls for DNA transfection and CPP internaliza-
tion, respectively. No signal was detected in cells treated
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with Cy5-labeled DNA alone (Fig. 6A). However, red and
green fluorescence was detected in cells treated with
Lipofectamine/Cy5-DNA and FITC-L5a alone, respectively
(Fig. 6A). In the FITC-L5a/Cy5-DNA complex group, both
red and green fluorescence were detected, indicating that
FITC-L5a not only penetrated cells by themselves but also
took Cy5-DNA as cargo through plasma membrane (Fig.
6A). These results confirmed our previous outcome that L5a
possesses the ability to transport DNA into cells. To deter-
mine the mechanism of cellular uptake of FITC-L5a/Cy5-
DNA complexes, cells were treated with different endocytic
modulators prior to exposure to FITC-L5a/Cy5-DNA com-
plexes (Fig. 6B). Cells were treated with sodium fluoride to
deplete energy-dependent endocytic pathways, CytD to
block F-actin rearrangements, nocodazole to induce microtu-
bule depolymerization, filipin to sequester lipid, or EIPA to
specifically inhibit macropinocytosis. Results indicated that
none of these endocytic modulators affect the delivery of
FITC-L5a/Cy5-DNA complexes into cells (Fig. 6B; P’s >
0.05). These results suggest that both FITC-L5a and FITC-
L5a/Cy5-DNA complexes utilize a direct membrane translo-
cation pathway.

3.5. Cytotoxicity

The MTT assay was used to determine the effect of
FITC-L5a penetration and FITC-L5a/Cy5-DNA complexes
delivery on cell viability. Cells were treated with either
FITC-L5a (Fig. 7A) or FITC-L5a/Cy5-DNA complexes (Fig.
7B) in the absence or presence of endocytosis inhibitors.
Cells treated with EIPA group displayed no significant re-
duction of viability (Fig. 7). Only cells treated with 100%
DMSO (positive control) had significantly reduced viability.
None of the materials used in this study caused cytotoxicity,
indicating that FITC-L5a would be a safe vehicle for drugs
and gene delivery.

4. DISCUSSION

In this study, we demonstrate that the secondary structure
of FITC-L5a, the shortest lactoferricin derivative that is ac-
tive as a CPP, is the primary factor governing cellular inter-
nalization (Figs. 3-5). Six lactoferricin derivatives of various
lengths exhibit high internalization efficiency in various cell
lines and concentrations, indicating that peptide length,
treatment amounts, and cell types are not major factors con-
trolling cellular internalization (Figs. 1 and 2). FITC-L5b
constructs containing similar primary structure but different
secondary structures display distinct penetration abilities
(Fig. 3). FITC-L5a possesses minimal cytotoxicity, and
could serve as a nano-drug delivery system [33].

FITC-L5a is not the only CPP that enters cells by direct
membrane translocation. In 2011, we demonstrated that HR9
interact with luminescent semiconductor nanoparticle QDs,
and these HR9/QD complexes can enter cells without using
an energy-dependent endocytosis pathway [35]. Physical and
chemical inhibitors of membrane transport do not interfere
with HR9’s ability to deliver genes into cells [26]. Cell pene-
tration efficiency makes HR9 an ideal vector for delivering
genes and nanomaterials to cells of various species [21, 22,
26,27, 35, 48]. We also reported that the pentapeptide L5a can
deliver genes that are expressed by cells [33]. In agreement
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delivery into A549 cells. FITC-L5a and Cy5-DNA were mixed with the N/P ratio of 12 to form complexes. Cells were treated with com-
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t-test. Significant difference was set at P < 0.05.

with the present study, L5b exhibited weak penetration abil-
ity, and should not be classified as a CPP [33]. Fang et al.
reported that bLFcing (RRWQWR, corresponding to L6 in
the present study) possessed cell-penetrating properties, but
not CPPs (RWQWR, corresponding to L5b in the present
study) [32]. Our results with L5a and L5b (Fig. 3) are consis-
tent with our earlier observations [33]. Both L5a and L5b
contain the same number of amino acids, with only one ar-
ginine at a different position in sequence. This slight differ-
ence has significant functional consequences. An antiparallel
beta-sheet structure adopted as a helical or sheet-like con-
formation is important for lactoferricin interaction with cel-

lular membranes, as indicated by nuclear magnetic resonance
[49]. Lactoferricin efficiency of uptake was related to the
location of the beta-strand in relation to the positive charges
[50]. The six peptides studied in the present work were de-
rived from lactoferricin [33, 51]. Although there is little in-
formation available on the structure of L6, it is likely that L6
conserves the antiparallel beta-sheet structure, and trans-
forms its structure to helical conformation when interacting
with the cell membrane. The mechanism of L6-mediated
delivery of siRNA into HeLa cells is by macropinocytosis
[32]. In contrast, L5a and L5a/DNA complexes enter cells
via direct membrane translocation (Fig. 4 and Fig. 6B). This
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ments. Significant difference was set at P < 0.01 (**).

difference might be due to a conformational change. The
a-helices in FITC-L5a suggested by two-dimensional projec-
tions of helical wheels provide a reasonable explanation for
this phenomenon. Positive charges evenly surrounding the
periphery of L5a differ from the distributions of positive
charges in L5b, and are likely to contribute to penetration
efficiency (Fig. 3). Comparison of all of the structures of
lactoferricin derivatives from L12 to L6 indicates that posi-
tive charges arranged around the periphery of peptides is
positively correlated with penetration efficiency (Fig. 8A). In
contrast, the positive charges of L4 and L5b, both nonCPPs
[33], were present on only a small portion of the circles (Fig.
3D and 8B). Previously, we identified direct membrane
translocation as the entry mechanism of HR9 peptide-
mediated cellular internalization [26, 35]. Here, we use the

HelicalWheel progress of SeqWeb v3.1.2 software to model
the HR9 peptide structure. We found dense and consistent
positive charges located around the periphery of active pep-
tides without any intervals (Fig. 8A). These findings are con-
sistent with the hypothesis presented in this study: peptides
with abundant and central symmetrical positive charges dis-
tributed along their peripheries possess high efficiency of
cellular internalization mediated by direct membrane trans-
location.

Studies indicate that various factors influence cellular
internalization of peptides and their ability to deliver car-
goes. The primary factor for transduction efficiency is the
composition of the CPP [18, 24, 44, 52]. Other factors in-
clude the type of cells targeted, the concentrations of CPPs,
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Fig. (8). Secondary structures of various lactoferricin derivative peptides in helical wheel. (A) Helical wheel software was used for CPP
helical structure prediction. HR9, lectoferricin, L12, L11, L9, and L6 exhibited the properties of CPPs and rota-schematic diagrams clarified
the symmetrical distributions of positive-charges and hydrophobicity (B) Prediction of L4 helical structures with Helical wheel software.
Rota-schematic diagrams illustrated a small portion of positive-charges distribution. Basic amino acids were shown in red and hydrophobic

amino acids were in cyan.

the methods of cargoes conjugation, and the chemical and
physical properties of the cargoes [16, 19, 43-45, 52]. Re-
cently, the effect of zeta potential on the efficiency of protein
transductions has been considered [33, 45]. The present
study emphasizes the role of spatial architectures of positive
charges, and demonstrates a correlation between zeta poten-
tial and the distribution of positive charge in helical wheels.
Two-dimensional projections of helical wheels have been
widely used in projections of CPP properties [47]. For ex-
ample, Oct4-PTD and penetratin display conservation of a
helical wheel projection, rather than a conservation of the
primary sequences [46]. The present study offers additional
insight into the relationship between secondary structure and
penetrating efficiency, as well as the roles of secondary pep-
tide structures of peptides in cellular internalization.

CONCLUSION

High penetration efficiency was exhibited with bovine
lactoferricin FITC-L5a (RRWQW), but not with the isomeric
peptide FITC-L5b (RWQWR). Helical wheel projections
revealed that FITC-L5a contains a homogenous distribution
of symmetrically positive charges in space with basic and
hydrophobic residues occupying opposite sections of the
wheels. Complete structures of FITC-L5a entered cells by

direct membrane translocation, yet the entry mechanism
converted to endocytosis upon structural disruption. Direct
membrane translocation was also utilized in FITC-L5a/Cy5-
DNA complex delivery. FITC-L5a alone or in combination
with other endocytic modulators was not cytotoxic. Thus,
FITC-L5a one of the shortest functional CPPs, enters cells
via direct membrane translocation, and could serve as an
efficient and safe vehicle for drug delivery.

LIST OF ABBREVIATIONS

BFP = Blue fluorescent protein

CPP = Cell-penetrating peptide

CytD = Cytochalasin D

EIPA = 5-(N-ethyl-N-isopropyl)-amiloride

FITC = Fluorescein isothiocyanate

GFP = Green fluorescent protein

HIV-1 Human immunodeficiency virus type 1

HR9 = Histidine-rich nona-arginine

MTT = 1-(4,5-dimethylthiazol-2-yl)-3,5-
diphenylformazan

NaF = Sodium fluoride

PBS = Phosphate buffered saline
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PTD = Protein transduction domain
QDs = Quantum dots
siRNA = Small interfering RNA
Tat = Transactivator of transcription.
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