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ABSTRACT: Designing an effective peptide based molecular transporter for
the intracellular delivery of hydrophilic therapeutic biomacromolecules remains
a considerable challenge. Highly basic oligoarginine and lipidated arginine rich
cell penetrating peptides have been reported in the literature as molecular
transporters, which were extensively used for cellular internalization of
significantly large biopharmaceuticals. However, oligoarginine based molecular
transporters with L-arginine residues pose significant challenges due to
proteolytic instability and limited stability of noncovalent peptide−cargo
nanocomplexes. Exploiting the rational peptide designing strategy, we have
engineered protease-resistant facial lipopeptide based molecular transporter
having arginine-sarcosine-arginine moiety to minimize adjacent arginine-
arginine pair repulsion. N-Methylated amino acid sarcosine was incorporated
as a spacer between two adjacent arginine residues, which provides proteolytic
stability to the designed peptide and minimizes intermolecular aggregation of
peptides. Two stearyl moieties were incorporated to facilitate cellular internalization. Interestingly, our designed lipopeptide
exhibits significantly enhanced cellular internalization with only six L-arginine residues compared to stearylated oligo-nona-
arginine. Additionally, enhanced proteolytic stability of such class of molecular transporter enables increased cargo
internalization, and we anticipate that our engineered multifunctional, proteolytically stable, nanostructured facial lipopeptide
based molecular transporter can have major impact in advancing drug delivery technologies.

KEYWORDS: peptides, molecular transporter, drug delivery, nanoparticle, biopharmaceuticals, lipopeptide

1. INTRODUCTION

The intracellular delivery of hydrophilic macromolecules
remains a significant challenge to the pharmaceutical
industry.1−5 The existing cellular internalization delivery
methods pose substantial challenges owing to the limited
stability of vehicles and vehicle−cargo complexes.1 Synthetic
polymer, lipid, and peptide based carriers have facilitated the
delivery of biopharmaceuticals primarily aimed at extracellular
targets.6 Efforts need to be focused on developing improved
drug delivery materials that enable high yield intracellular
delivery of macromolecules in functionally active form.
Among the major avenues of the noninvasive intracellular

delivery of therapeutic macromolecules, cell-penetrating mem-
brane permeable cationic peptides and proteins are extensively
harnessed as promising molecular transporters.3,7,8 The delivery
technology of therapeutic molecules can follow either covalent
or noncovalent cell penetrating peptide based strategy.3 For
certain cargos, noncovalent strategies appear to be more
appropriate, as they promotes the delivery of cargo in
functionally active form and yield enhanced biological
responses.3 Both oligoarginine and amphipathic membrane
permeable peptides were used for intracellular delivery of
biologically active cargos.3,8 From a structural point of view,
several groups have examined the efficiency of molecular

transporters having unstructured and structured backbones.
Additionally, the role of backbone spacing between two
adjacent cationic residues and the need for different categories
of lipids for lipid modification of molecular transporters were
also evaluated. The groups of Parang, Cardoso, and Pei have
demonstrated that cyclic peptides can act as efficient molecular
transporters9−11 and backbone rigidity and static presentation
of guanidinium groups increase the cellular uptake of arginine
rich membrane permeable peptides.10 Besides using con-
strained peptide backbones, cellular uptake can also be
enhanced by conjugating lipidic moieties with peptide trans-
duction domains.12−14 Apart from using shorter peptides,
several groups have examined the role of proteins as molecular
transporters. Well-folded minimally cationic miniature proteins
have also been used as molecular transporters, which follow a
desired delivery pathway for rapid cytosolic access and are
capable of modulating protein function at cytoplasm.15,16 Liu
and co-workers have used supercharged green fluorescent
protein for delivering nucleic acid reagents to mammalian cell
line which is resistant to cationic lipid-mediated siRNA
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transfection.17 Besides, examining the role of constrained and
unconstrained shorter peptides and functionalized proteins as
molecular transporters, the necessity of using a spacer between
two cationic moieties was also examined. Lehto et al. has shown
that stearylated (Arg-Xxx-Arg)4 peptide shows efficient delivery
of nucleic acids by noncovalent strategy and backbone spacing
amplifies the efficiency of molecular transporters.18 Addition-
ally, it is also reported that amphipathic peptides are more
potent than oligocationic peptides as cell internalizers.19−21

Among cationic peptides, arginine rich peptides are having
the best cell penetrating efficiency22−24 due to the phys-
icochemical feature of the highly basic guanidino group of
arginine side chain which facilitates enhanced cellular uptake
compared to the lysine and histidine residues by forming
stronger bidentate hydrogen bonds with cell surface phos-
phates, sulfates, and carboxylates.7,25 The length dependence
studies of oligoarginine peptides have shown that oligoarginine
peptides having eight to nine arginine residues have the best
cell-penetrating efficiency.23 Lipid modification of oligoarginine
peptide facilitates cellular internalization and among stearyl,
lauryl, cholesteryl, and cholyl hydrophobic moieties, with the
stearyl moiety showing the best transfection efficiency.23

Interestingly, besides amphipathic peptides, peptides having
spacing between adjacent arginine residues have shown better
internalization efficiency compared to oligoarginine peptides,
suggesting that the Arg-Xxx-Arg motif facilitates the internal-
ization and promotes the stability of peptide−cargo complex by
reducing the adjacent Arg-Arg pair repulsion.18,19

Traditional oligocationic peptide based molecular trans-
porters with L-amino acids demonstrate significant challenges
due to reduced proteolytic stability against cellular trypsin like
proteases and limited stability of transporter-cargo noncovalent
complexes.18 To address these issues, exploiting the amphi-
pathic peptide scaffold arginine-sarcosine-arginine as template,
we have engineered doubly stearyl functionalized L-arginine rich
protease-resistant facial lipopeptide which demonstrated
significantly enhanced cellular internalization of peptides and
peptide-cargo complexes with six L-arginine residues. We find
that incorporation of unnatural residue, sarcosine as a spacer
between two adjacent Arg residues has provided proteolytic
stability to our designed sequences, inhibited the extensive
intermolecular association and stabilized the peptide−cargo
complexes. We report that Arg-Xxx-Arg template containing
sequences significantly stabilizes peptide−cargo complexes
compared to oligoarginine sequences and shows better
internalization ability due to proteolytic stability. Additionally,
the less cationic charge in peptides can potentially facilitate the
internalized peptide−cargo nanocomplex unpacking at acidic
pH.

2. MATERIALS AND METHODS
Materials. All Fmoc protected amino acids and resins were

purchased from Novabiochem and G L Biochem and used without
further purification. The coupling reagent (2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate) (HBTU) and (ben-
zotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate)
(PyBOP) were purchased from Novabiochem, and hydroxybenzo-
triazole (HOBt) was purchased from SRL (Sisco Research
Laboratoratories Pvt. Ltd.). The anhydrous dimethylformamide
(DMF) and dichloromethane (DCM) were purchased from Acros
Organics, and anhydrous N,N-diisopropylethylamine (DIPEA),
dimethyl sulfoxide (DMSO), stearic acid, and 2,4,6-trinitrobenzene-
sulfonic acid (TNBS) were obtained from Sigma-Aldrich. 5(6)-
Carboxyfluorescein and Hiperfect were purchased from Invitrogen.

siGLO Red Transfection reagent (DY-547 labeled siRNA) was
procured from Dharmacon. All procured chemicals have ∼98−99%
purity.

Synthesis of Lipopeptides. All peptides were synthesized by
Fmoc solid phase peptide synthesis strategy. The successive coupling
of stearic acid was done after deprotection of mild acid labile 4-
methyltrityl (Mtt) group from Fmoc-Lys(Mtt)-OH by 1% TFA/5%
TIS/DCM for 1 h followed by coupling using 6 equiv of stearic acid,
PyBOP (6 equiv), HOBt (6 equiv), and DIPEA in DMF/DCM (1:1)
for 12 h at room temperature (Scheme S1, Supporting Information).
The attachment of 5(6)-carboxyfluorescein (FAM) was done by using
10 equiv of FAM, HOBt, PyBOP, and DIPEA in DMF for 12 h at
room temperature to yield FAM-labeled peptide. The peptides were
purified by HPLC using C18 column and confirmed by MALDI-TOF
mass spectra (Table S1, Figure S1−S5) and NMR spectra (Figure S6−
S7).

Circular Dichroism. Circular dichroism (CD) spectra were
recorded on a JASCO spectrometer using a cell of 1 mm path length.
Peptides were dissolved in 25 mM phosphate buffer having pH 7.4 and
peptide concentrations used were 60−110 μM and CD spectra were
recorded in the range of 195−240 nm wavelength. CD spectra were
obtained as accumulation of three scans using a scan speed of 100 nm/
min, data pitch of 0.2 nm and bandwidth 1.0 nm. Each spectrum was
subtracted from the buffer and smoothened and plotted using Origin
Pro 8.

Dynamic Light Scattering. The hydrodynamic radius and zeta
potential were measured using dynamic light scattering instrument
(Zetasizer-Nano, Malvern, Inc.). The hydrodynamic radius of peptide
and peptide−siRNA nanocomplexes were prepared in RNase free
water. The measurements were carried out in triplicate. Size and zeta
potential data were plotted using GraphPad prism and values are
represented as mean ± SD of three independent experiments.

Transmission Electron Microscopy (TEM). The TEM sample
was prepared for peptide−siRNA complex (100:1 ratio) in RNase free
water on a freshly glow-discharged carbon coated 300 mesh copper
grid. A volume of 5 μL of sample solution was drop-casted on the
copper grid and incubated for 5 min at room temperature. The excess
solution was wiped out and washed with water and stained with 2%
uranyl acetate. The morphology of peptide and peptide-siRNA
complexes were characterized by using a Tecnai G2 F20 ST
transmission electron microscope (FEI Company) with accelerating
voltages of 120 and 200 kV.

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
Peptide 3−siRNA complex was spread on glow-discharged 300 mesh
carbon coated Cu grids and plunge-frozen in liquid ethane using
Vitrobot (FEI company). Grids were transferred to a cryoholder and
visualized in Tecnai POLARA (FEI Company) equipped with 300 kV
field emission gun (FEG). Images were collected at 82 600×
magnification with an underfocus of 5 μm. Images were captured on
an Eagle 4 k × 4 k CCD camera (FEI Company) unbinned with a final
pixel size of 1.85 Å.

Scanning Electron Microscopy. The peptide samples (500 μM)
and peptide−siRNA complexes (100:1) were coincubated with 2%
glutaraldehyde in RNase free water at 4 °C for overnight. A drop
containing 10 μL of sample was placed on a glass coverslip and
allowed to semidry in air. Next hexamethyldisilazane (HMDS) was
added and the sample was dried by evaporating HMDS, which is
considered as good alternative of critical point drying. The samples on
glass were coated using gold−palladium and were analyzed using
SUPRA 55VP-field emission scanning electron microscope (Zeiss
company). This instrument has high performance variable pressure
FE-SEM with patented GEMINI column technology, Schottky type
field emitter system, single condenser with crossover-free beam path,
resolution: 1.0 nm at 15 kV; 1.6 nm at 1 kV high vacuum mode; and
2.0 nm at 30 kV at variable pressure mode.

Protease Stability of Peptides. The protease stability of peptides
were carried out in the presence of trypsin protease. In general, 0.1 μg
of trypsin was taken in 150 μL of PBS buffer (pH 7.5, 10 mM
phosphate buffer, 150 mM NaCl) and 0.2 mM FAM labeled peptide
was mixed and resulting solution was incubated at 37 °C. A volume of
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10 μL of digestion mixture was periodically taken out for 48 h and
then quenched with 0.2% trifluoroacetic acid and immediately frozen
in liquid nitrogen and stored at −20 °C before using for MALDI-TOF
analysis.
Gel Retardation Assay. To study the ability of peptide 3 to

coassemble with siRNA, agarose gel electrophoresis was carried out at
80 V for 60 min in TAE buffer (2 M Tris base, 1 M glacial acetic acid,
0.5 M sodium EDTA, pH 8.3). Peptide 3 and siRNA were mixed at
different ratios ranging from 1:5 to 1:100 and incubated at 37 °C for
20 min to form complexes. Samples were loaded onto a 2% wt/vol
agarose gel and stained with 0.5 μg/mL ethidium bromide with 6×
loading buffer, and then siRNA bands were visualized using an UV
(ultraviolet) imaging system (GOLD-SIM).
Cell Culture. Human breast adenocarcinoma cells (MDA-MB-231)

were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
purchased from invitrogen) with 10% bovine serum (Gibco) and 1%
penicillin−streptomycin.
Cell Viability Assay. The toxicity studies of the peptides were

carried out by using the cell viability assay (MTT assay). Human
breast adenocarcinoma cells (MDA-MB-231) were seeded (10 000
cell/well) in 96-well plates and kept overnight for growing. The media
was removed, and the cells were incubated with different
concentrations of peptides (500 nM, 2 μM, 5 μM, and 10 μM) in
DMEM media at 37 °C for 24, 48, and 72 h. Each condition was taken
in triplicate. After 24−72 h, the peptide containing media was removed
and washed with PBS, and then a mixture of 10 μL of 5 mg/mL MTT
solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) and 90 μL of phenol-red free DMEM media were added in
each well of the 96-well plate and incubated for 3 h. Then 150 μL of
DMSO was added to dissolve the formazan crystal and the absorbance
was measured at 570 nm. MTT data were plotted using GraphPad
Prism, and values are represented as mean ± SD of three independent
experiments.
Cellular Uptake Studies Using Flow Cytometry Instrument.

Time Dependent Cellular Uptake Studies. Human breast adeno-
carcinoma cells (MDA-MB-231) were grown in six-well plates (1 ×
106 cells/well) in DMEM media and incubated with 5 μM 5(6)-
carboxyfluorescein (FAM) labeled peptides for different incubation
times (5, 60, and 180 min) in Opti-MEM media at 37 °C in an
incubator supplied with 5% CO2. DMSO and FAM were taken as
control. The cells were digested with 0.25% trypsin in EDTA for 5 min
to detach the cells as well as the surface bound peptides followed by
washing two times with ice cold PBS, resuspended in ice cold PBS
with 5% FBS, and then analyzed by flow cytometry (BD FACSVerse,
San Jose, CA). The PMT voltage was optimized with the unstained
sample. The same PMT voltage, threshold, and other parameters were
used throughout the experiment. A minimum of 10 000 cells were
analyzed for each sample. The experiments were performed in
triplicate. The FAM is excited by 488 nm laser, and emission signal is
collected using 527/32 band-pass filter. The flow cytometry data was
analyzed using BD FACSuite software (v.1.0.5, San Jose, CA). The
flow cytometry data was further analyzed using GraphPad Prism
software. The results are represented as mean ± SD of three
independent experiments.
Effect of Energy Depletion on Cellular Uptake. We performed the

cellular uptake studies in the presence of inhibitors (10 mM NaN3 and
50 mM 2-deoxy-D-glucose), which induce ATP depletion in the cells.
To probe whether peptide trafficking involves energy-independent or
energy-dependent pathway, we treated the cells with 10 mM NaN3
and 50 mM 2-deoxy-D-glucose for 30 min at 37 °C to induce ATP
depletion. Without removing the media, the cells were treated with 5
μM FAM labeled peptides for 1 h at 37 °C. The cells were trypsinized
and the flow cytometry protocol was followed as mentioned above.
The flow cytometry data was plotted using GraphPad Prism and values
are represented as mean ± SD of two independent experiments.
Effect of Inhibitors on Cellular Uptake. Human breast

adenocarcinoma cells (MDA-MB-231) were grown in six well plates
(1 × 106 cells/well) in DMEM media. The cells were incubated with
different inhibitors of endocytosis (chlorpromazine, methyl-β-cyclo-
dextrin, 5-(N-ethyl-N-isopropyl)amiloride and Nystatin) and actin

polymerization inhibitor (cytochalsin D) in Opti-MEM media at 37 °C
for 30 min. Next, 30 μM chlorpromazine, 2.5 mM methyl-β-
cyclodextrin, 50 μM 5-(N-ethyl-N-isopropyl)amiloride, 50 μg/mL
Nystatin, and 10 μg/mL cytochalsin D were used followed by
incubation with 5 μM FAM labeled peptides for 1 h at 37 °C
incubator. Cells incubated with 5 μM FAM labeled peptides for 1 h at
37 °C were used as controls. The cells were trypsinized, and the flow
cytometry protocol was followed as mentioned above. The flow
cytometry data was plotted using GraphPad Prism and values are
represented as mean ± SD of two independent experiments.

Cellular Uptake Studies of Peptide−Cargo Complex. Human
breast adenocarcinoma cells (MDA-MB-231) were grown in six well
plates (1 × 106 cells/well) in DMEM media. DY-547 labeled siRNA,
which is an siGLO red transfection indicator, was used as labeled
cargo. The cells were incubated with peptide−siRNA complex (100:1
ratio) for 1 h in a 37 °C incubator. The peptide−siRNA complex was
incubated for 30 min before adding to the cells. The flow cytometry
data of FAM labeled peptides and siRNA−Hiperfect mixture were
used for FITC and TRITC signal compensation, respectively. The cells
were trypsinized, the flow cytometry protocol was followed as
mentioned above, and analysis was carried out using FITC and PE
channel. The FAM (FITC) is excited by 488 nm laser, and emission
signal is collected using a 527/32 band-pass filter. PE (TRITC) is
excited by 488 nm laser, and emission signal is collected using a 586/
42 band-pass filter. The flow cytometry data was plotted using
GraphPad Prism, and values are represented as mean ± SD of three
independent experiments.

Uptake Studies by Confocal Microscopy. Cellular Uptake
Studies of Peptides. MDA-MB-231 cells (50 000 cells) were seeded
on coverslips in 24-well plates and treated with 5 μM peptide for 1 h at
37 °C. The media was removed, and cells were washed twice and fixed
with 3.5% paraformaldehyde. The nuclei were stained wih 4′,6-
diamidino-2-phenylindole (DAPI) and finally washed with PBS. The
coverslips were mounted on microscope slides with mounting media
upside down and observed under a Zeiss LSM 710 confocal
microscope. Images were taken in Plan Apochromat 63× oil
immersion objectives with N.A. 1.4. Zen 2010 software was used for
acquisition and processing of the data.

Effect of Energy Depletion on Cellular Uptake. For uptake studies,
in the presence of NaN3 and 2-deoxy-D-glucose, cells were incubated
with 10 mM NaN3 and 50 mM 2-deoxy-D-glucose for 30 min at 37 °C
followed by incubation with 5 μM FAM labeled peptides for 1 h at 37
°C. The cells were fixed, and nuclei were stained with DAPI as
mentioned above and observed under confocal microscope.

Effect of Inhibitors on Cellular Uptake. For uptake studies in the
presence of inhibitors, cells were incubated with 5 μg/mL
chlorpromazine, 2.5 mM methyl-β-cyclodextrin, 50 μM 5-(N-ethyl-
N-isopropyl) amiloride (EIPA), and 10 μg/mL Cytochalasin D for 30
min followed by incubation with 5 μM peptides for 1 h at 37 °C. The
cells were fixed and nuclei were stained with DAPI as mentioned
above and observed under confocal microscope.

Cellular Uptake Studies of Peptide−Cargo Complexes. DY-547
labeled siRNA, which is siGLO red transfection indicator was used as
labeled cargo. For uptake studies in the presence of peptide−siRNA
nanocomplexes, cells were treated with a mixture of 5 μM FAM
labeled peptides and 50 nM DY-547 labeled siRNA for 1 h at 37 °C.
The media was removed, and cells were washed twice and fixed with
3.5% paraformaldehyde. The cells were fixed and nuclei were stained
with DAPI as mentioned above and observed under confocal
microscope.

Release of Cargo and Peptide from Peptide−Cargo Nano-
complexes with Time. MDA-MB-231 cells were treated with a
mixture of 5 μM FAM labeled peptide and 50 nM DY-547 labeled
siRNA for 1 h at 37 °C. The media was removed, cells were washed
after 1 h, and then cells were kept in Opti-MEM media. Cells were
fixed with 3.5% paraformaldehyde at 1, 3, and 6 h time points after
removing the media, and nuclei were stained with DAPI as mentioned
above and observed under confocal microscope.
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3. RESULTS AND DISCUSSION
Peptide Design. Our key focus is to design short

proteolytically stable L-arginine rich molecular transporter for
delivering hydrophilic therapeutic biomacromolecules. Toward
the goal, we designed three arginine-rich peptide sequences,
peptides 1−3, as described in Table 1. Figure 1 shows the

schematic diagram of peptide 3. Our designed peptides have
the following features: (a) alternate hydrophilic and hydro-
phobic residues to confer facial amphiphilicity; (b) side chain
modification by stearyl moiety to increase hydrophobicity, a
modification important for cellular internalization;18,23,26 (c)
incorporation of N-methylglycine (sarcosine, abbreviated as
“Sar” in Table 1) to enhance proteolytic stability against cellular
trypsin-like proteases and also to promote the solubility of the
designed sequences by inhibiting interpeptide self-assembly due
to the absence of amide proton in sarcosine;27 (d) Arg-Xxx-Arg
motif to increase the peptide−cargo stability by reducing
adjacent Arg-Arg repulsion; (e) γ-aminobutyric acid (γAbu)
incorporated as spacer between carrier peptide segment and
fluorescein moiety (FAM); and (f) FAM incorporated as
fluorophore for flow cytometry and microscopic studies.
Peptides Arg9 (abbreviated as R9) and stearyl-Arg9 (abbre-

viated as stearyl-R9) were also synthesized as control peptides
as reported in the literature.23

Peptide Characterization, Determining Proteolytic
Stability of Designed Peptides, and Toxicity Studies of
Designed Peptides. The secondary structures of peptides
were determined by using circular dichroism (CD) spectros-
copy. The CD spectra of peptides 1−3, R9 and stearyl-R9 are
shown in Figures 1 and S8. The CD spectra of designed
peptides exhibit a minima at ∼200 nm, suggesting unstructured
conformation for the peptides.28 The hydrodynamic diameters
of peptide 3 (5 μM), peptide 2 (25 μM), and stearyl-R9 (25
μM) are 199.7 ± 24.7, 421.7 ± 50.4, and 814.3 ± 95.8 nm
,respectively, indicating that, with increasing lipidation, the
hydrodynamic size reduces owing to the formation of the more
compact structures of the self-assembled lipopeptides (Figures
1 and S9, and Table S2). The magnitude of zeta potential
values for peptide 3 (5 μM), peptide 2 (25 μM), and stearyl-R9
(25 μM) in water are +54.1 ± 3.6, +42.6 ± 3.3, and +33.8 ± 4.3
mV, respectively (Figure 1, Table S2). High zeta potential
values stabilize the self-assembled peptide 2, peptide 3, and
stearyl-R9 due to the presence of electrostatic repulsion among
the self-assembled peptide nanostructures.29 On the other
hand, the lower magnitude of zeta potential values for peptide 1
(4.8 ± 1.2 mV) and R9 (20.1 ± 0.6 mV) destabilize the self-
assembled peptide 1 and R9, since attractive van der Waal
forces induce aggregation among the self-assembled nanostruc-
tures of peptides (Figure 1, Table S2).29 TEM images (Figure
2) and SEM images (Figure S10) reveal the morphology of self-

assembled peptide nanostructures.26,30 TEM images show that
the dimensions of lipidated peptide 2, peptide 3, and stearyl-R9
are 74.6 ± 10.9, 13.7 ± 1.4, and 210 ± 49.1 nm, respectively, in
water. Proteolytic stability of the cell penetrating peptide is
important as it enhances the stability of peptide and peptide−
cargo nanocomplexes and also facilitates their cellular internal-
ization at high yield. The protease stability of peptide 3 and
stearyl-R9 was tested in the presence of trypsin protease, and
the mass of the fragments and intact peptides were checked by
MALDI-TOF (Figures S11, S12 and Table 2). Figures S11 and
S12 show peptide 3 has much better proteolytic stability than
stearyl-R9. Stearyl-R9 is completely cleaved within 30 min,
whereas peptide 3 remains intact until 1 h and was cleaved very
less until 2 h. This enhanced stability of peptide 3 is crucial for
the stability of the peptide3-cargo nanocomplexes and its

Table 1. Designed Peptide Sequencesa

peptide code
no. sequence

peptide 1 FAM-γAbu-Arg-Gly-Arg-Sar-Arg-Sar-Arg-Gly-Arg-Sar-Arg-
NH2

peptide 2 FAM-γAbu-Arg-Lys(stearyl)-Arg-Sar-Arg-Sar-Arg-Gly-Arg-Sar-
Arg-NH2

peptide 3 FAM-γAbu-Arg-Lys(stearyl)-Arg-Sar-Arg-Sar-Arg-Lys(stearyl)-
Arg-Sar-Arg-NH2

R9 FAM-γAbu-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH2

stearyl-R9 FAM-γAbu-Lys(stearyl)-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-
Arg-NH2

aN-Methylglycine or sarcosine, γ-aminobutyric acid, and 5(6)-
carboxyfluorescein are abbreviated as Sar, γAbu, and FAM,
respectively.

Figure 1. (Top, left) Schematic diagram of peptide 3; (top, right)
circular dichroism spectrum of peptide 3 in 25 mM phosphate buffer
having pH 7.4. (Bottom) Hydrodynamic size and zeta potential of
peptides in water.

Figure 2. TEM images of peptides.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04392
ACS Appl. Mater. Interfaces 2015, 7, 18397−18405

18400

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04392/suppl_file/am5b04392_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04392


cellular internalization in high yield. Long-term cytotoxicity on
internalization of all the designed and controlled peptides were
evaluated using MDA-MB-231 cell line by MTT assay (Figure
3). Peptides 1−3, R9, and stearyl-R9 showed no toxicity until

10 μM concentration in the MDA-MB-231 cell line (Figure 3).
For all in vitro studies, 5 μM peptides were used to avoid any
long-term cytotoxicity arising from the delivery vehicle.
Cellular Uptake Studies of Designed Peptides. The

internalization efficiency of the designed FAM-labeled peptides
were examined by flow cytometry (Figure 4) and confocal
microscopy (Figure 5). The cells were treated with designed
peptides for 5 min, 1 h, and 3 h at 37 °C followed by
trypsinization and washed twice to remove the cell surface
bound peptides and analyzed by flow cytometry (Figure 4).
Since flow cytometry does not discriminate between mem-
brane-bound and internalized fluorochrome, cells were trypsi-
nized to remove surface bound FAM labeled peptides.15

Peptide 3 having two stearyl moieties showed very high
internalization efficiency compared to peptide 2 and stearyl-
Arg9, indicating that the increased lipidation by longer lipidic
moiety contributed significantly in peptide internalization
(Figure 4). In this study, we integrated three protein designing
components: (a) positively charged residue arginine which
could potentially bind with cargo and enhance cellular
internalization of peptides by forming stronger bidentate
hydrogen bonds with cell surface phosphates, sulfates and
carboxylates, (b) unnatural amino acid sarcosine to provide
better proteolytic stability and also minimize interpeptide
aggregation, and (c) side chain modification by two longer
lipidic moieties to facilitate the internalization. It is evident that
the increased lipidation by longer lipidic moiety facilitates
significantly the internalization of peptides.

Trafficking Pathways of Designed Peptides. To
evaluate the effect of energy depletion on cellular uptake,
uptake studies of designed peptides were performed in the
presence of NaN3 and 2-deoxy-D-glucose.16 NaN3 and 2-deoxy-
D-glucose inhibit ATP-dependent pathways by depleting the
cellular ATP pool.16 Figure 6 shows the internalization
efficiency of the designed peptides in the presence of NaN3
and 2-deoxy-D-glucose. The less internalization of peptide 3 in
the presence of inhibitors indicates that the peptide 3 is taken
up by the cells by both ATP-independent and ATP-dependent
pathways.
The confocal images (Figure 5) show punctate patterns of

labeling by peptide 3, suggesting uptake via endocytic
pathways.31 The uptake studies of peptide 3 were performed

Table 2. Identification of Proteolyzed Fragments of Stearyl-
R9 and Peptide 3 by MALDI

reaction
time
(min) peptide ID fragments

MWcalcd
(Da)

MWobsd
(Da)

30 stearyl-R9 FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-Arg-Arg-
Arg-Arg-Arg-OH

2105.57 2107.65

FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-Arg-Arg-
Arg-Arg-OH

1949.38 1950.52

FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-Arg-Arg-
Arg-OH

1793.19 1794.39

FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-Arg-Arg-OH

1637.00 1638.26

FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-Arg-OH

1480.81 1482.13

FAM-γAbu-Lys(stearyl)-
Arg-Arg-Arg-OH

1324.62 1326.00

FAM-γAbu-Lys(stearyl)-
Arg-Arg-OH

1168.43 1169.87

FAM-γAbu-Lys(stearyl)-
Arg-OH

1012.24 1013.74

120 peptide 3 Lys(stearyl)-Arg-Sar-Arg-
NH2

794.62 795.69

FAM-γAbu-Arg-
Lys(stearyl)-Arg-Sar-Arg-
Sar-Arg-OH

1622.45 1623.13

Figure 3. Cytotoxicity analysis of peptides for 48 h time point in
MDA-MB-231 cell line. Error bars indicate SD from three separate
experiments.

Figure 4. Flow cytometry analysis of time-dependent (5 min, 1 and 3
h) cellular uptake studies of FAM labeled peptides (5 μM) in MDA-
MB-231 cells. Error bars indicate SD from three separate experiments.
The black, gray, and white bars represent 5 min, 1 h, and 3 h time
points, respectively.

Figure 5. Cellular internalization of FAM labeled peptides in MDA-
MB-231 cells. Nuclei are stained with DAPI.
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in the presence of different inhibitors of endocytosis,
chlorpromazine (inhibitor for clathrin), 5-(N-ethyl-N-isoprop-
yl) amiloride (abbreviated as EIPA, inhibitor for macro-
pinocytosis), nystatin (inhibitor for caveolae), and methyl-β-
cyclodextrin (causes cholesterol depletion and inhibitor for
caveolae).9,14,15,32 We also examined the role of actin
cytoskeleton in peptide endocytosis by performing uptake
studies in the presence of actin polymerization inhibitor,
Cytochalasin D.14

Figure 7 and Figure S13 show peptide 3 internalization was
reduced in the presence of chlorpromazine, EIPA, nystatin, and
Cytochalasin D. Interestingly, the internalization of peptide 3
dramatically enhanced in the presence of methyl-β-cyclodextrin
(Figure 7), probably suggesting the disruption of membrane
structure.33 In the presence of chlorpromazine and EIPA, the

peptide 3 showed less internalization indicating that peptide 3
is internalized by several endocytic pathways (clathrin,
macropinocytosis, and caveolae) and actin cytoskeleton may
play significant role in its endocytic processes (Figure 7, Figure
S13).

Determining the Cargo Internalization by Designed
Peptides as a Model Study.We used DY-547 labeled siRNA
(siGLO red transfection indicator) as labeled cargo for
qualitatively measuring the cargo internalization efficiency of
our designed peptides. The transfection efficiency of peptide-
cargo complexes significantly depends on the charge, stability
and the size of the complexes.34 Peptide based transporters
were used in molar excess over siRNA for forming positively
charged complexes, which facilitate cellular internalization.
Additionally, such complexation also protects siRNA against
nuclease-mediated degradation.34 Peptide 3 and siRNA were
mixed at different molar ratios (1:5−1:100), and the size and
zeta potential of the siRNA-peptide 3 nanocomplexes were
determined in water (Figures 8a,b and S14, Table S3). Figure

8b reveals with increasing peptide concentration zeta potential
of peptide 3-siRNA nanocomplexes increases. At molar ratio 50
and 100, siRNA can be encapsulated well by cationic peptide 3
and such peptide 3-siRNA nanocomplexes are appropriate for
cellular internalization. Cryo-TEM data (Figure 8c) reveals 27.7
± 5.2 nm dimension of siRNA−peptide 3 nanocomplex (1:100
molar ratio) in RNase free water. The hydrodynamic radius and
zeta potential value of the (1:100) siRNA−peptide 3
nanocomplexes are 293.3 ± 37.9 nm and +43.4 ± 1.7 mV,
respectively (Table S3). The size and zeta potential of peptide−
siRNA complexes are described in Figures S14, S15 and Tables
S3, S4. The morphology of all the siRNA−peptide complexes
was determined by normal TEM (Figure S16) and SEM
(Figure S17). Agarose gel shift assay was performed to
characterize the interaction between peptide 3 and siRNA
(Figure 8d). Figure 8d shows peptide 3−siRNA complexes
taken at different molar ratios (abbreviated as MR in the
figure), and with increasing cationic peptide concentrations, the
band for free siRNA disappeared, suggesting the ionic

Figure 6. (Left) Flow cytometry data shows the cellular uptake studies
of FAM labeled peptides (black colored bars) and FAM labeled
peptides in the presence of inhibitors (10 mM NaN3 and 50 mM 2-
deoxy-D-glucose, represented as gray colored bars) in MDA-MB-231
cells. Error bars indicate SD from two separate experiments. (Right,
top) Confocal image showing internalization of peptide 3 and (right,
bottom) internalization of peptide 3 in the presence of inhibitors, 10
mM NaN3, and 50 mM 2-deoxy-D-glucose.

Figure 7. Flow cytometry analysis (inset) and confocal data of cellular
uptake studies of peptide 3 in MDA-MB-231 cells in the presence of
inhibitors of endocytosis and actin polymerization inhibitor. Inhibitors
of endocytosis, chlorpromazine (represented as “C”), methyl-β-
cyclodextrin (represented as “MC”), 5-(N-ethyl-N-isopropyl) amilor-
ide (abbreviated as “EIPA”), and nystatin (represented as “N”) and
actin polymerization inhibitor cytochalasin D (abbreviated as Cyto D)
were used. Error bars in flow cytometry data indicate SD from two
separate experiments.

Figure 8. (a) Size of peptide 3−siRNA nanocomplexes at different
peptide/siRNA molar ratio (MR); (b) zeta potential of peptide 3−
siRNA nanocomplexes at different peptide/siRNA molar ratio (MR);
(c) cryo-TEM image of peptide 3−siRNA nanocomplexes at 100:1
molar ratio; and (d) agarose gel retardation assay showing the peptide
3−siRNA complex formation at different molar ratios.
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interaction exists between siRNA and cationic lipopeptide. At
peptide 3/siRNA molar ratio 100, all the siRNA molecules were
encapsulated by peptide 3. The transfection efficiency of FAM-
labeled facial peptides was examined in the presence of DY-547
labeled siRNA (siGLO red transfection indicator) at siRNA/
peptide molar ratio 1:100. Flow cytometry data (Figure 9)

infers peptide 3 has significantly higher transfection efficiency
than stearyl-Arg9. In the case of peptide 3, the improved
proteolytic stability of the peptide (Figure S12) facilitates the
internalization of peptide−cargo complexes (Figures 9 and 10),

and the intracellular colocalization of FITC and TRITC signal
infers the high yield cellular internalization of peptide 3−siRNA
nanocomplexes (Figure 10). Time dependent peptide internal-
ization (Figure 4) shows that it takes nearly 1 h for maximum
internalization. Peptide 3 has considerable proteolytic stability
until 2 h (Figure S12). This enhances the stability of peptide 3
and peptide 3−siRNA nanocomplexes and facilitates the high
yield cargo internalization. The enhanced stability of peptide−
cargo nanocomplex also sheds light on the different complex-
ation mechanism of cargo with facial lipopeptides and with

lipidated oligoarginine peptides. Figure 11 shows the release of
peptide 3 and siRNA from the peptide 3−siRNA nano-

complexes with time. This evidence infers that the two stearyl
moieties facilitate enhanced internalization of peptide−siRNA
complexes and the stability of the peptide−siRNA noncovalent
nanocomplexes was enhanced by the protease-stability of the
carrier peptide. Furthermore, less cationic charge in facial
peptides facilitates the unpacking of siRNA−peptide nano-
complexes.

4. CONCLUSIONS
In conclusion, we report that the facial nanostructured
lipopeptide, having Arg-Sar-Arg motif and side chain
modification with two stearyl moieties, exhibited significantly
enhanced cellular internalization of peptide and peptide−cargo
nanocomplexes even with only six L-arginine residues. This
study infers multifunctional facial lipopeptide having Arg-Sar-
Arg motif and two stearyl moieties exhibits higher cargo
internalization efficacy than stearylated nona-arginine and can
be exploited as a promising drug delivery vehicle for
intracellular delivery of biomacromolecules. Additionally, such
nanostructured peptide could be potentially translated into
clinic as a next-generation drug delivery vehicle.
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Figure 9. Cellular uptake studies of peptide−siRNA nanocomplexes in
MDA-MB-231 cells. Five μM FAM labeled peptides and 50 nM siRNA
(DY- 547 labeled siRNA) were taken for each condition. (Left) Mean
FITC fluorescence from FAM labeled peptides and (right) mean
TRITC fluorescence from DY-547 labeled siRNA. Error bars indicate
SD from three separate experiments.

Figure 10. Intracellular trafficking of 5 μM FAM labeled peptides and
50 nM DY-547 labeled siRNA nanocomplexes in MDA-MB-231 cells.
Nuclei are stained with DAPI. Single cell image of peptide 3−siRNA
complex shows the colocalization of siRNA and peptide 3.

Figure 11. Internalized peptide 3−siRNA nanocomplexes show the
release of siRNA and peptide 3 from nanocomplexes at different time
points. Nuclei are stained with DAPI.
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