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Anticancer peptides (ACPs) are cationic amphiphiles that preferentially kill cancer cells through folding-
dependent membrane disruption. Although ACPs represent attractive therapeutic candidates, particularly
against drug-resistant cancers, their successful translation into clinical practice has gone unrealized due
to their poor bioavailability, serum instability and, most importantly, severe hemolytic toxicity. Here, we
exploit the membrane-specific interactions of ACPs to prepare a new class of peptide-lipid particle, we
term a lipopeptisome (LP). This design sequesters loaded ACPs within a lipid lamellar corona to avoid
contact with red blood cells and healthy tissues, while affording potent lytic destruction of cancer cells
following LP-membrane fusion. Biophysical studies show ACPs rapidly fold at, and integrate into, liposo-
mal membranes to form stable LPs with high loading efficiencies (>80%). Rational design of the particles
to possess lipid combinations mimicking that of the aberrant cancer cell outer leaflet allows LPs to rapidly
fuse with tumor cell membranes and afford localized assembly of loaded ACPs within the bilayer. This
leads to preferential fusolytic killing of cancer cells with minimal collateral toxicity towards non-
cancerous cells and erythrocytes, thereby imparting clinically relevant therapeutic indices to otherwise
toxic ACPs. Thus, integration of ACPs into self-assembled LPs represents a new delivery strategy to
improve the therapeutic utility of oncolytic agents, and suggests this technology may be added to tar-
geted combinatorial approaches in precision medicine.

Statement of Significance

Despite their significant clinical potential, the therapeutic utility of many ACPs has been limited by their
collateral hemolysis during administration. Leveraging the membrane-specific interactions of ACPs, here
we prepare self-assembled peptide-lipid nanoparticles, or ‘lipopeptisomes’ (LPs), capable of preferentially
fusing with and lysing cancer cell membranes. Key to this fusolytic action is the construction of LPs from
lipids simulating the cancer cell outer leaflet. This design recruits the oncolytic peptide payload into the car-
rier lamella and allows for selective destruction of cancer cells without disrupting healthy cells.
Consequently, LPs impart clinically relevant therapeutic indexes to previously toxic ACPs, and thus open
new opportunities to improve the clinical translation of oncolytics challenged by narrow therapeutic
windows.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Anticancer peptides (ACPs) are a class of cationic amphiphiles
that preferentially bind to and disrupt cancer cell membranes
through folding dependent mechanisms [1,2]. Sharing similar
structural and physicochemical properties to antimicrobial pep-
tides, many ACPs were in fact originally identified as antibacterials
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Fig. 1. Schematic illustration of LP composition and proposed fusolytic anticancer
mechanism. Particles are formed via integration of ACPs (red) within a liposomal
carrier (green) which possesses a similar lipid composition to that of the cancer cell
membrane (shown in blue for clarity). The resulting fusion of LPs with cancer cell
membranes leads to direct assimilation of loaded ACPs within the lipid bilayer.
Subsequent peptide self-assembly forms lytic pores that leads to preferential tumor
cell lysis.
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before discovery of their preferential anticancer activity [3]. The
selectivity of ACPs to lyse tumor cells is largely driven by the
increased electronegative potential of the cancer cell surface,
which serves to distinguish malignant phenotypes from their more
neutral, non-cancerous counterparts. This high net-negative
charge results from increased presentation of the anionic lipid
phosphatidylserine in the outer leaflet of cancer cell membranes
[4–6], as well as abnormal sialylation of cell surface glycoproteins
[7–9]. Electrostatic association of cationic ACPs with the elec-
tronegative cancer cell surface drives the folding of these
sequences into a-helical or b-rich bioactive conformations [3,10].
Once bound, aqueous exposure of the peptide’s hydrophobic face
promotes its insertion into the lipid bilayer, where subsequent
peptide assembly leads to the formation of lytic pores that disrupt
membrane integrity and cause cancer cell death.

Importantly, due to their membrane-specific mechanisms of
action, many oncolytic peptides show equal potency towards both
drug-sensitive and multidrug resistant cancer cell lines [1,2,11–
13]. Further, the ability of ACPs to disrupt cellular membranes in
a rapid and non-stereospecific fashion has encouraged the percep-
tion that in vivo resistance towards these agents may be difficult to
acquire [3]. In fact, we have previously shown that although cancer
cells can develop diminished sensitivity towards a model oncolytic
peptide during in vitro culture, the loss of ACP potency is marginal
compared to conventional chemotherapeutic resistance [14]. These
cells also display a surface glycosylation pattern that suggests they
may have lost their invasive phenotype, indicating oncolytic pep-
tides may serve as potential anti-metastatic agents. Together, these
unique therapeutic properties of ACPs have led to growing interest
in developing combinatorial treatments using oncolytic peptides
and small molecule inhibitors as potentially successful strategies
in the clinic to limit resistance.

Yet, despite their significant therapeutic potential, the clinical
translation of ACPs has been limited by their rapid systemic clear-
ance and poor distribution to tumor tissue [15]. This necessitates
large doses of ACPs to be administered in vivo, often at or above tol-
erated concentrations, to achieve antitumor responses [12,15,16].
The resulting hemolysis and destruction of healthy cells at these
high concentrations ultimately leads to severe dose-limiting toxic-
ities. This off-target activity of ACPs is largely due to the small, but
still significant, presence of negatively charged lipids, such as phos-
phatidylethanolamine, on the outer membrane of healthy mam-
malian tissues and red blood cells [17–19]. Although not as
abundant as on the surfaces of cancer cells [4–6], this modest anio-
nic charge is sufficient to potentiate the binding of ACPs and cause
damage to non-cancerous cell membranes at high peptide concen-
trations. Thus, delivery systems that can localize ACPs to tumor tis-
sue and preferentially integrate the lytic cargo into cancer cell
membranes, while evading off-target toxicity towards red blood
cells and healthy tissues, represent an attractive strategy to
improve the clinical utility of these potentially potent and effica-
cious anticancer drug candidates.

In this work, we leverage the membrane-specific interactions of
ACPs to prepare a new class of peptide-loaded lipid particle, which
we term a lipopeptisome (LP) (Fig. 1). This design pre-folds loaded
ACPs into their bioactive lytic state, while sequestering the peptide
cargo from proteases and red blood cells in the systemic circula-
tion. Fusion of LPs with cancer cell membranes leads to direct
assimilation of loaded ACPs into the lipid bilayer, where subse-
quent peptide self-assembly forms lytic pores. This strategy allows
LPs to elicit preferential fusolytic killing of cancer cells while being
remarkably biocompatible towards healthy cells and erythrocytes;
thus affording clinically viable therapeutic indices to otherwise
highly toxic ACPs. Hence, LPs may serve as a simple, effective deliv-
ery platform to improve the efficacy and safety profile of oncolytic
molecules challenged by poor stability and off-target side effects.
2. Materials and methods

2.1. Materials

1,2-Ethanedithiol and diethyl ether were purchased from Acros
Organics. 1,3 Bis[tris(hydroxymethyl)methylamino]propane (BTP),
piperidine, dimethyl sulfoxide spectrophotometer grade (DMSO),
and thioanisole were purchased from Alfa Aesar. Normal Human
Primary Umbilical Vein Endothelial Cells (HUVECs), Rh VEGF, rg
EGF, rg FGF basic, rg IGF-1, L-glutamine, heparin sulfate, hydrocor-
tisone hemisuccinate, fetal bovine serum (FBS), and ascorbic acid
were purchased from ATCC. 1-Palmitoyl-2-oleoyl-sn-glycero-3-ph
osphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos
pho-L-serine (POPS), 1,2-dioleoyl-sn-glycero-3-phosphoethanola
mine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanola
mine-N-(lissamine rhodamine B sulfonyl) (PErhodamine) were pur-
chased from Avanti Polar Lipids. Sodium fluoride and sodium
hydroxide were purchased from BDH. Fmoc-protected amino acids,
oxyma, and Rink Amide ProTide Resin were purchased from CEM.
Paraformaldehyde was purchased from Chem Cruz. 5(6)-
Carboxyfluorescein, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H
-tetrazolium bromide (MTT), fmoc-protected amino acids, N,N0-dii
sopropylcarbodiimide (DIC), and O-(7-azabenzotriazol-1-yl)-N,N,
N0,N0-tetramethyluronium hexafluorophosphate (HATU) were
purchased from Chem-Impex International, Inc. RMPI-1640, FBS,

L-glutamine, trypsin and EDTA solution, and 1� phosphate buffered
saline (PBS) were purchased from Corning. Biotech CE dialysis
tubing MWCO: 300kD, Ultrapure Low Melting Point Agarose, Nunc
Lab-Tek Chambered Coverglass, sodium chloride (NaCl),
hydrochloric acid (HCl), acetonitrile, trifluoroacetic acid (TFA),
dichloromethane, dimethyl sulfoxide cell culture grade (DMSO),
dimethylformamide (DMF), and formic acid LC/MS grade were pur-
chased from Fisher. Calcium and magnesium free Dulbecco’s
phosphate-buffered saline (DPBS) was purchased from Gibco.
Hoechst 33342 trihydrochloride trihydrate dye was purchased
from Invitrogen. EmbryoMax 0.1% gelatin solution was purchased
from Millipore. N,N-Diisopropylethlamine (DIEA) was purchased
from Oakwood. Triton X-100 and potassium chloride (KCl) were
purchased from Sigma. 2000 MWCO dialysis cassettes were pur-
chased from Spectrum Labs. Anisole was purchased from Tokyo
Chemical Industry. Tris and gentamycin were purchased from
VWR. A549 and HeLa cells were obtained from the National Cancer
Institute cell repository. Analytical LCMS solvents were composed
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as follows: solvent A is 0.1% formic acid in water and solvent B is
9:1 acetonitrile and water with 0.1% formic acid. Preparative HPLC
solvents consisted of solvent A (0.1% TFA in water) and solvent B
(9:1 acetonitrile and water with 0.1% TFA).
2.2. Peptide synthesis and fluorescent labeling

Peptide synthesis was carried out via Fmoc-based solid-phase
peptide synthesis with Oxyma/N,N0-Diisopropylcarbodiimide
(DIC) activation on Rink Amide ProTide resin using a Liberty Blue
Automated Microwave Peptide Synthesizer (CEM, Matthews, NC).
Cleavage from the resin and side-chain deprotection was per-
formed simultaneously using a trifluoroacetic acid:thioanisole:1,2
-ethanedithiol:anisole (90:5:3:2) solution stirred under argon for
2 h. Cold diethyl ether was used to precipitate the crude peptide.
After centrifugation at 5000 rpm for 5 min. to collect the solids,
the diethyl ether was decanted and sample lyophilized overnight.
Peptides were purified by reverse-phase HPLC (Shimadzu, Colum-
bia, MD) equipped with a Phenomenex Semi-Prep Luna C18(2) col-
umn (Torrance, CA). A linear gradient of 0–50% solvent B over
50 min. was used to purify the Citropin peptide. A gradient of 0–
20% solvent B over 10 min, followed by 20–44% solvent B over an
additional 24 min, was used to purify Halictine. Purification of
Lasioglossin was performed using a linear gradient of 0–14% sol-
vent B over 7 min, followed by 14–45% solvent B over an additional
31 min. All peptides were lyophilized and pure product collected
for verification by analytical LC-MS.

Fluorescently-labeled Lasioglossin was prepared by reacting the
N-terminal amine of the peptide on resin with 5(6)-
carboxyfluorescein (2 eq.), HATU (1.9 eq.), and N,N-
diisopropylethylamine (DIEA, 6 eq.) overnight while shaking at
roomtemperature.Normal cleavage andpurificationprotocolswere
followed as described above. To purify the labeled Lasioglossin pep-
tide, a linear gradient of 0 – 32% solvent B over 16 min, followed by
32–45% solvent B for an additional 13 min, was used. Analytical
HPLC chromatograms and ESI (+) mass spectra for all pure peptides
are shown in the Supplementary Information, Figs. S1–S4.
2.3. Particle formulation and physicochemical characterization

Liposomes were formed using extrusion techniques as previ-
ously described [20]. To summarize, a 5 mM solution of 1:1 phos-
phatidylcholine (POPC):phosphatidylserine (POPS) lipids were
combined in chloroform, followed by evaporation of the solvent
under a stream of argon. The lipid film was then lyophilized over-
night to dry completely, before rehydration with 2� concentrated
liposome buffer (300 mM BTP, 100 mM NaF, and pH 7.4). The solu-
tion was then subjected to 8 freeze/thaw cycles in liquid nitrogen,
with intermittent thawing performed using a 37 �C water bath. The
solution was then extruded through an Avanti Mini Extruder (Ala-
baster, Alabama) with a 0.1 mm nuclepore polycarbonate mem-
brane >11 times.

Formation of lipopeptisomes (LP) was performed by combining
the 5 mM solution of liposomes in buffer with an equal volume of
2� concentrated solution of peptide in water, mixed and then
incubated at 37 �C for 30 min to allow for interpolation. The LP
solution was then dialyzed against water for 24 h using 300kD
MWCO dialysis tubing, with frequent bath changes. Peptide load-
ing was determined by measuring the absorbance of the purified
particle solution at 220 nm using a Cary 60 UV–Vis spectropho-
tometer (Agilent Technologies, Santa Clara, CA), and concentration
determined relative to a standard curve. Absorbance of blank lipo-
somes was subtracted to normalize the signal. When necessary, the
LP samples were concentrated in 0.5 mL Eppendorf tubes on a Cen-
triVap Benchtop Vacuum Concentrator (Labconco, Kansas City,
MO) for one hour, or until the desired volume had been achieved,
for subsequent in vitro experiments.

Size characterization of LP particles was completed by dynamic
light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instru-
ments Ltd, Worcestershire, UK). In a typical experiment a 60 mL
aliquot of the liposome solution in buffer was combined with an
equal volume of peptide in water to achieve a final concentration
of 0.01–1000 mM peptide. After incubating at 37 �C for 30 min,
the solutions were then diluted 1:10 in particle characterization
buffer (150 mM BTP, 50 mM NaF, pH 7.4) and placed into a clean
polystyrene cuvette. DLS was performed at 37 �C with an equilibra-
tion time of 120 s, and average particle size determined from 6
replicates per sample. For LP stability studies, the particles were
loaded with 100 mM of each peptide, or left unloaded as a ‘blank’
control. Particles were diluted 1:4 in storage buffer (20 mM Tris,
100 mM NaCl, pH 7.4) and stored at 37 �C, with DLS measurements
performed at varied time points up to 110 days.

Transmission electron cryomicroscopy was performed on blank
liposomes and LP particles by adsorbing an aqueous aliquot of the
sample onto a quantafoil grid. The grid was then vitrified via
plunge freezing using a Vitrobot (FEI, ThermoScientific), and
imaged at 300 kV using a Krios cryo-EM (FEI, ThermoScientific).

2.4. Circular dichroism

Circular Dichroism (CD) was performed on a J-1500 Circular
Dichroism Spectrometer (JASCO, Oklahoma City, OK) to determine
the secondary structure of the peptides upon integration into LPs.
Here, 200 lM of each peptide in characterization buffer was mixed
with an equal volume of the liposomes (final lipid concentration of
2.5 mM). Wavelength spectra were measured from 180 to 260 nm
at 37 �C in a 1 mm path length quartz cell. Mean residue molar
ellipticity [h], measured in (deg*cm2*dmol�1), was calculated from
the following expression: hmeas/(10*l*c*r) where hmeas is measured
ellipticity (mdeg), l is light path length (cm), c is molar concentra-
tion (mol/L), and r is number of amino acid residues.

2.5. Cell cytotoxicity assay

A549, HeLa and HUVEC cells were cultured using standard cul-
turing conditions. For cell viability experiments, cells were seeded
into a 96 well plate at 2 � 103 cells/well for A549 and HeLa, and
5 � 103 cells/well for HUVEC. Cells were allowed to adhere
overnight before the media was aspirated and treatments of free
peptides or LP formulations added in 10 fold dilutions to achieve
a final concentration of 0.001–100 mM. Blank media and 20% DMSO
were included as negative and positive controls, respectively.
Treatments were incubated for 72 h before measurement of cell
viability via MTT assay. Here, treatment solutions were aspirated
and cells washed with PBS, before addition of 100 mL of
0.5 mg/mL thiazolyl blue tetrazolium bromide in media to each
well and incubating for 2–3 h. Cells were subsequently lysed and
the formazan byproduct solubilized by addition of 100 lL DMSO.
Absorbance was read at 540 nm on with a microplate reader
(Biotek, Winooski, VT). Percent viability was calculated with the
following equation: (Absorbancetreatment � Absorbancenegative control)/
(Absorbancepositive control � Absorbance negative control) � 100%.

2.6. Confocal fluorescent microscopy

Visualization of LP fusion with cancer cells, and subcellular
localization of lipid and peptide particle components, was
performed via confocal microscopy. For these experiments, we
prepared fluorescently labeled liposomes following the protocol
above, with the exception that particles were composed of
49.5:50:0.5 POPC/POPS/PErhodamine. Loading of Lasioglossin into
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the particles was performed at a final peptide concentration of
100 mM, where fluorescein-labeled peptide was doped in at a ratio
of 10% with unlabeled Lasioglossin. A549 cells were seeded in 4-
well coverglass chamber slides at 10,000 cells/well, and allowed
to adhere overnight. Cells were treated with a final concentration
of 20 mM labeled LPs in media for 24–72 h, or left untreated as con-
trols. At each time point, the supernatant solution was removed,
cells washed with cold PBS and fixed with 4% paraformaldehyde
for 20 min at room temperature. Cell nuclei were then stained by
the addition of 2 mg/mL Hoechst in PBS and incubated in the dark
for 20 min. Slides were imaged on an Olympus Fluoview 1000 Con-
focal Microscope (Olympus, Shinjuku, Tokyo, Japan) with a Pla-
nApo 60�/1.4 oil objective lens using 405 nm, 488 nm, and
543 nm single photon lasers for DAPI, FITC, and rhodamine signals,
respectively.

In separate experiments, we utilized giant unilamellar vesicles
(GUVs) as a model to visualize ACP integration into lipid mem-
branes. Formation of GUVs was performed as previously described
[20]. In brief, a solution of 1 wt% low-melting agarose was added to
a 4-well chambered slide until it just covered the glass surface. The
chambered coverglass was then dried on a 45 �C hotplate for 1 h
until the agarose became translucent. After preparing a
3.75 mg/mL lipid solution of POPC, POPS, PE, and PErhodamine in
chloroform, 4 lL was added to each chamber and a metal spatula
gently dragged across the surface to evenly distribute the solution.
The chambered coverglass was then lyophilized overnight to dry.
Swelling of the GUVs occurred by adding 500 lL of 150 mM KCl
solution to each well. After 15 min to allow for GUV fusion, 10 lL
of a 500 lM fluorescein-labeled Lasioglossin solution was added
to each chamber to initiate treatment. Slides were mounted onto
an Olympus Fluoview 1000 confocal microscope and imaged using
a PlanApo 60�/1.4 oil objective lens. 488 nm and 543 nm single
photon lasers were used to visualize fluorescein and rhodamine
fluorescence, respectively. Relative fluorescence (RF) was calcu-
lated using FIJI – ImageJ software by measuring the intensity of
the fluorescein signal within a region of the GUV membrane and
subtracting the background fluorescence from the surrounding
bulk solution for each time point.

2.7. Hemolysis

Hemolysis studies began by obtaining fresh human blood sam-
ples and isolating red blood cells via centrifugation at 3460 rpm for
10 min. at 4 �C. The plasma and buffy coat layers were removed
and hRBCs washed three times in un-supplemented RPMI. A
0.25% v/v solution of the washed hRBCs was prepared in RPMI,
and a 75 mL aliquot added per well to a 96 well plate. Equal volume
of free peptide or LP solutions were added to the RBC sample and
gently mixed via pipette to achieve a final equivalent peptide con-
centration of 10–100 mM. Blank RPMI or 1% Triton-X100 were used
as negative and positive controls, respectively. Plates were then
incubated at 37 �C for 24 h, before centrifugation at 4000 rpm for
10 min. at 4 �C to pellet intact hRBCs. 100 mL of the hRBC super-
natant was added to a clean 96 well plate and absorbance of
released hemoglobin measured at 415 nm in a microplate reader
(Biotek, Winooski, VT). The following equation was used to calculate
percent hemolysis: (Absorbancetreated � Absorbancenegative control)/
(Absorbancepositive control � Absorbancenegative control) � 100%.

2.8. Statistical methods

Dynamic light scattering and absorbance data is the average of
three replicates ± standard deviation. Each UV–Vis and CD spectra,
as well as fluorescent confocal and TEM micrographs, shown are
representative of three individual experiments. CD data is with a
variance in ellipticity of 0.2 millidegrees at each wavelength.
Relative fluorescence data calculated from fluorescent confocal
images represents the average of 10 independent measure-
ments ± standard deviation. Cytotoxicity data is represented as
an average of three independent experiments ± standard deviation.
GraphPad Prism 5 software was used to fit cytotoxicity curves and
calculate IC50 values employing a log(inhibitor) vs. normalized
response non-linear regression model. For hemolysis experiments
each treatment condition was performed in triplicate and average
% hemolysis ± standard deviation calculated.
3. Results and discussion

3.1. LP design, formulation and characterization

To design LPs we selected three ACPs reported to possess potent
oncolytic activity (IC50 < 15 mM), namely A4K14-Citropin 1.1,
Halictine-2/11 and Lasioglossin-III (Table 1). For simplicity, the
peptides will be hereafter referred to as Citropin, Halictine and
Lasioglossin. These sequences, which were discovered in amphib-
ian secretions and bee venoms, were initially characterized as
broad spectrum antimicrobials before later discovery of their anti-
cancer properties [21–23]. In the case of Citropin and Halictine, the
sequences have undergone further optimization to yield
engineered analogues (e.g. A4K14-citropin 1.1, Halictine-2/11)
with enhanced oncolytic potency [21,22]. In both prokaryotic and
eukaryotic cells, these peptides elicit their toxic action primarily
by binding to the negatively charged cell membrane and partition-
ing into the lipid bilayer [21–24]. Subsequent folding into amphi-
pathic a-helical conformations and self-assembly of the peptides
leads to cell death via the formation of lytic pores, or through the
solubilization of membrane constituents in a detergent-like fash-
ion [1,3,16,23].

Despite their significant therapeutic potential, all three of these
sequences suffer from low therapeutic indices due to significant
off-target hemolysis. Thus, these peptides serve as ideal models
to test the potential for LPs to enhance the therapeutic utility of
previously toxic ACPs. Conveniently, the selected peptides also
possess varied amino acid composition, sequence length and for-
mal charge (see Table 1), and therefore can be used to assess the
potential of LPs to tolerate loading of peptide cargoes with diverse
physicochemical properties.

To prepare LP particles, we incubated ACPs at various concen-
trations with �150 nm liposomes, leading to direct interpolation
of the peptides within the lipid nanoparticle bilayer. Importantly,
the liposomal carrier is formed using a 1:1 M ratio of phosphatidyl-
choline (PC) and phosphatidylserine (PS). This formulation mimics
the aberrant lipid composition of the cancer cell membrane [25],
which is characterized by increased presentation of anionic PS
lipids at the outer leaflet [4,6]. We, and others, have shown that
this high density of PS imparts an electronegative surface potential
that triggers the selective binding and folding of cationic ACPs into
their bioactive lytic states [12,14,25–27].

Using dynamic light scattering (DLS), we measured the influ-
ence of increasing amounts of loaded peptide on LP stability,
expressed as a peptide:lipid ratio. Fig. 2A shows that LPs remain
stable up to ratios of 0.04:1–0.2:1, dependent on the sequence
employed. Representative particle size distribution plots for blank
liposomes and the three LP formulations can be found in supple-
mentary Fig. S5. Increasing the ACP concentration beyond this fail-
ure threshold destabilized the lipid bilayer and led to particle
rupture, as indicated by the complete loss of DLS signal. This sug-
gests that the failed particles disassociate into ultrafine fragments
not detectable by the light scattering instrument (<5 nm). Impor-
tantly, given the propensity of these ACPs to lyse lipid membranes,
the ability of LPs to support relatively high peptide:lipid ratios is



Fig. 2. Preparation and physicochemical characterization of LPs. (A) Change in LP particle size as a function of increasing peptide:lipid ratio. Dashed line and open symbols
indicate particle failure, as defined by the loss of DLS signal. (B) Change in the LP peptide:lipid failure ratio as a function of ACP hydrophobicity (% hydrophobic residues in the
sequence; j) or peptide length (number of amino acids; d). (C) Percentage loading efficiency of each ACP into the final LP formulation. (D) Stability of LP particles, or the
blank liposomal carrier, during long term-storage in buffer at room temperature. Particle stability was measured via DLS.

Table 1
Sequence, physicochemical properties and reference for selected ACPs utilized to prepare LPs.

Peptide Sequencea # AA Formal chargeb Ref.

A4K14-citropin 1.1 GLFAVIKKVASVIKGL-NH2 16 +4 12
Halictine-2/11 GKWLSLLKHILK-NH2 12 +5 13
Lasioglossin-III VNWKKILGKIIKVVK-NH2 15 +6 13

a All peptides are prepared with amidated C-terminus.
b Formal charge includes N-terminal amine. Histidine considered partially protonated for purposes of formal charge calculation.
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surprising. For example, we found that Citropin formulations can
be loaded with up to �30 wt% of peptide, indicating that under
these conditions integrated ACPs make up nearly a third of the
LP particle by weight.

To better understand what drives this proficient loading of ACPs
into the lipid carrier, we examined the influence of peptide physic-
ochemical properties on LP stability. This was done by plotting the
LP failure ratio, or the peptide:lipid threshold at which particle
integrity is lost, against various sequence parameters, including
peptide length, percentage of hydrophobic or basic residues, and
formal charge. Results in Fig. 2B show a linear relationship
between LP failure ratio and both peptide length and sequence
hydrophobicity. No significant correlation with peptide formal
charge, as well as percentage of basic residues in the ACP sequence,
was observed (Supplementary Fig. S6). Taken together, this
suggests that maximal loading of ACPs into the particle lamella is
largely dependent on the lipophilic nature of the peptide, as well
as the number of amino acids in its sequence. The latter likely
results from the ability for longer helical peptides (>13 residues)
to more stably insert into fluid lipid membranes and span the
bilayer thickness (�44 Å) as a transmembrane helix [28,29].

From these loading experiments we selected a peptide:lipid
ratio of 0.02:1, representing 100 mM equivalent peptide, to prepare
LPs for further studies as this produced stable formulations for all
three ACPs tested. Cryo-TEM imaging of LPs, or the unloaded
liposomal carrier as a control, showed no discernable change in
particle morphology following integration of ACPs into the bilayer
(Supplementary Fig. S7). To assess loading efficiency, we prepared
LPs with each peptide, purified the particles via dialysis to remove
unincorporated ACPs, and performed UV–Vis spectroscopy to mea-
sure the concentration of incorporated peptide. In the case of Hal-
ictine and Lasioglossin, their efficient integration into the carrier



Fig. 3. ACP localization and folding within the LP carrier. (A) Fluorescent confocal microscopy images of giant unilamellar vesicles (GUVs) showing the integration of
fluorescein-labeled Lasioglossin (green) before (0 min) and 3 min. after addition of the peptide (scale bar = 5 lm). GUVs were prepared at a 30:40:30 ratio of PS:PC:PE lipids,
with 0.5 mol% of rhodamine-labeled PE included to aid in visualization (red). Merged image shows co-localization of peptide and lipid fluorescent signals. (B) Quantification
of Lasioglossin fluorescence (in relative fluorescence units, RFU) at the GUV membrane as a function of time. (C) Circular dichroism spectrum demonstrating that Lasioglossin
remains unfolded in physiologic buffer (d), but adopts an a-helical conformation when integrated into the negatively-charged lipid carrier to form LPs (s). CD spectrum of
Citropin and Halictine LPs shown in Supplementary Fig. S9.
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was evidenced by the emergence of a broad peak at 280 nm,
reflecting the characteristic absorption maxima of tryptophan
residues in the loaded ACP (Supplementary Fig. S8). Calculating
peptide concentration shows that Citropin and Halictine achieve
quantitative loading into LPs of �100%, while Lasioglossin shows
an average efficiency of 83% (Fig. 2C). Finally, all three LP formula-
tions were found to be stable when stored in buffer for over
100 days (Fig. 2D).

Next, utilizing giant unilamellar vesicles as a model membrane,
we performed fluorescent confocal microscopy to study the local-
ization of ACPs when loaded into the lipid carrier. This is important
as effective delivery of ACPs into the cancer cell membrane during
LP fusion requires incorporated peptides to be resident within the
lipid corona, rather than adsorbed to the particle surface or dis-
persed within the solvent core. Images in Fig. 3A show that
fluorescently-labeled Lasioglossin rapidly integrates into the vesic-
ular lipid bilayer and spans the unilamellar membrane, reaching
maximum incorporation within 3.5 min of addition (Fig. 3B). Circu-
lar dichroism spectroscopy demonstrates that all three ACPs
remain disordered in physiologic buffer before particle binding,
but display a strong a-helical signal characterized by minima in
mean residue ellipticity at 208 nm and 222 nm upon incorporation
within the negatively-charged liposomal carrier (Fig. 3C, Supple-
mentary Fig. S9). Taken together, these results confirm that ACPs
rapidly integrate across the lipid bilayer to prepare LPs, and in
doing so pre-fold into a-helical conformations that are essential
for their cytotoxic activity [23,30,31].
Fig. 4. (Top) Representative cytotoxicity profile of free Lasioglossin and the
corresponding LP formulation against HeLa (cervical carcinoma) cells. (Bottom)
Tabulated IC50 values ± standard deviation for each ACP and its corresponding LP
particle formulation after a 72 h incubation with A549 (lung carcinoma) and HeLa
cancer cell lines, or non-cancerous HUVECs (human umbilical vein endothelial cell)
as a control.
3.2. Membrane fusion and anticancer activity of LPs

The preferential anticancer activity of free ACPs or peptide-
loaded LP formulations was evaluated via the MTT assay following
a 72 h incubation with A549 lung carcinoma or HeLa cervical can-
cer cells, as well as non-cancerous HUVECs (human umbilical vein
endothelial cells) as a control (Fig. 4). These studies test the ability
of LPs to selectively deliver ACP cargo to cancer cells without influ-
encing its lytic activity once integrated into the membrane. If the
lipid carrier is inert and able to efficiently deliver the payload into
tumor cells, we would expect a similar activity of ACP-loaded LPs
with the corresponding free peptide. Gratifyingly, treatment of
both A549 and HeLa cancer cell lines with all three LP formulations
resulted in potent cytotoxic activity (IC50 = 1.0–5.2 mM), which is
on the order of the free peptides (IC50 = 1.3–5.1 mM).

Conversely, we observed a notable reduction in the off-target
toxicity of ACPs towards healthy HUVEC controls when peptides
are loaded into the LP carrier. In fact, we were unable to calculate
exact IC50 values for the particles as we did not observe any signif-
icant loss of HUVEC viability, even at the highest peptide loading
concentration tested (50 mM). In the case of Citropin, toxicity of
this peptide towards HUVECs is reduced by nearly an order of mag-
nitude when delivered by LPs. This improvement in ACP specificity
when formulated into an LP particle may be due to a reduced
potential for fusion of the lipidic carrier with the healthy mam-
malian cell membrane, relative to tumor cells. The outer leaflet
of non-cancerous cells is characterized by high PC content
[17,18], which is a lipid whose headgroup strongly binds water
to establish a lipid-water interface that prevents contact-
mediated fusion with nearby bilayers [32]. Further, the surfaces



Fig. 5. LP integration into cancer cells and subcellular tracking of delivered lipids (red) and ACPs (green). (A) Fluorescent confocal microscopy images of A549 lung carcinoma
cells treated for 48 or 72 h with Lasioglossin LPs (scale bar = 50 mm). Magnification of dotted regions in the 48 and 72 h merged images are shown in panels B and C,
respectively. (B) Assembly of LP-delivered Lasioglossin into fibrillary structures (white arrow) at the cancer cell surface (scale bar = 10 mm). (C) Nuclear fragmentation and
membrane blebbing (white arrow) of A549 cells following a 72 h incubation with labeled Lasioglossin LPs (scale bar = 10 mm).
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of healthy mammalian cells are scarce of PS lipids [17,18], which
are abundant on the outer leaflet of cancer cells due to the aberrant
function of enzymes responsible for maintaining proper lipid
asymmetry in malignant phenotypes [4–6]. Relevant to the func-
tion of LP particles, PS is a key mediator of membrane fusion due
to its ability to bind divalent Ca2+ cations that are responsible for
removing water from the lipid interface [32,33]. Taken together,
these results strongly support the ability of LPs to preferentially
fuse with tumor cells and successfully integrate the lytic ACP pay-
load into the membrane, while circumventing off-target toxicity of
the peptide cargo towards healthy tissues.

To further test this assertion, as well as directly visualize LP
integration and ACP assembly within tumor cell membranes, we
performed confocal microscopy employing dual-labeled LP formu-
lations. Here, the liposomal carrier and loaded ACP were indepen-
dently labeled with rhodamine and fluorescein fluorophores,
respectively, to visualize subcellular localization of each compo-
nent upon LP-membrane fusion (Fig. 5). Fluorescent microscopy
images collected at 24 and 48 h (Supplementary Fig. S10 and
Fig. 5A, respectively) show that the lipid carrier (red) is rapidly
integrated into treated cancer cells and shows diffuse localization
across the membrane and cytoplasmic compartments. Correspond-
ing differential interference contrast (DIC) images of LP-incubated
cells and untreated controls can be found in Supplementary
Fig. S11. This extensive particle uptake likely results from the
upregulation of pathways responsible for scavenging and internal-
izing exogenous lipids in cancer cells, a necessary requirement to
meet the high metabolic demands of these rapidly proliferating
cells [34,35]. Internalized lipids are subsequently processed
through catabolic fatty acid oxidation pathways and used to form
new membrane constituents and signaling molecules, as well as
to post-translationally modify proteins. This may explain the broad
dissemination of the lipid signal observed following the assimila-
tion of LPs into treated cancer cells at all tested time points.

Interestingly, delivered ACPs were localized predominantly to
the cancer cell surface as assemblies of micron-sized proto-fibrils
at 24 and 48 h of incubation (Supplementary Fig. S10 and
Fig. 5B). To our knowledge, this is the first time higher ordered
ACP structures have been resolved by confocal microscopy follow-
ing peptide self-assembly within cancer cell membranes. We also
found that a portion of delivered ACPs are transported intracellu-
larly, appearing as diffuse fluorescence within the cytoplasm of
treated cells. This is particularly evident at 72 h of incubation
(Fig. 5A, lower panels). Together this suggests that at early time
points much of the delivered ACP cargo self-associates in the can-
cer cell membrane to form higher ordered lytic structures, fol-
lowed later by shuttling of the peptides to endosomal and
cytoplasmic intracellular compartments during membrane turn-
over. Based on these observations, we cannot rule out the fact that
intracellularly delivered ACPs may be able to permeabilize mito-
chondrial membranes inside cells and induce apoptosis. This is
supported by the representative image shown in Fig. 5C, which
indicates that at 72 h LP-treated cancer cells begin to display frag-
mented nuclei and undergo membrane destabilization, as indi-
cated by lipid blebbing at the cell surface (see white arrows in
Fig. 5C). Hence, LPs may kill cancer cells through combinatorial
mechanisms that include both physical membrane lysis and induc-
tion of apoptotic pathways.

3.3. Hemolytic activity of LP particles

We next studied the cytotoxic selectively of LPs with respect to
their ability to lyse tumor cells versus healthy human erythrocytes.
Like all mammalian cells, the surface of red blood cells (RBCs) are
composed largely of cholesterol and various phospholipids that are
asymmetrically separated across an inner and outer leaflet [19].
Previous studies have shown that the presence of negatively
charged lipids, such as phosphatidylethanolamine, on the outer
leaflet of red blood cells potentiates the off-target binding of ACPs
to their surfaces and leads to hemolysis, with lytic potency gener-
ally associated with peptide hydrophobicity and helicity [36]. To
assess potential reduction in ACP hemolytic toxicity when loaded
into the LP carrier, we first measured the integrity of RBCs follow-
ing a 24 h incubation with each ACP at a representative low
(10 mM) and high (100 mM) peptide concentration (Fig. 6). Not sur-
prisingly, under these conditions we observed moderate (18–36%)
hemolysis at the low ACP concentration tested, and complete
destruction of RBCs at 100 mM of peptide (Fig. 6, left). Remarkably,
the toxicity of these sequences was reduced by nearly two orders
of magnitude when incorporated within LPs. For example, all three
LP formulations showed �8% hemolysis at the highest tested con-
centration of loaded ACP (100 mM). In fact, under these stringent
incubation conditions both Citropin and Halictine LP formulations
elicited <5% total hemolysis, which is the threshold at which mate-
rials are considered non-hemolytic by ASTM guidelines (see proto-
col ASTM-F756).

From this data we can calculate an approximate therapeutic
index (the ratio of therapeutic vs. toxic dose) for each LP formula-



Fig. 6. Percentage hemolysis of human RBCs following a 24 h incubation with (Left)
free Citropin, Halictine and Lasioglossin ACPs, or the (Right) corresponding LP
particle formulation. Hemolytic activity for each treatment condition tested is
shown at a low (10 mM, white bar) or high (100 mM, black bar) concentration of
equivalent peptide. Data is normalized to untreated hRBCs, and percent hemolysis
calculated relative to positive controls lysed with Triton-X.
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tion by dividing the hemolytic threshold (�100 mM) by the average
IC50 value for each particle towards cancer cells (Fig. 4). This anal-
ysis reveals that LP particles possess a therapeutic index of 24, 27
and 42 for Citropin, Halictine and Lasioglossin formulations,
respectively. Gratifyingly, all three of these LP formulations are
characterized by therapeutic indices amenable to clinical applica-
tion, being well above that of most chemotherapeutic agents [37].

This significant reduction in the hemolytic potential of ACPs
when incorporated within the LP carrier may be a result of the
unique composition of the RBC surface. First, erythrocytes lack
the lipid scavenging receptors displayed on other mammalian cell
types, and which are particularly abundant on cancer cells
[34,35,38]. This suggests that LPs may be poorly recruited to the
surfaces of RBCs and thus limited in their ability to fuse to the
membrane and integrate the lytic ACP payload. Second, the vast
majority of PS content in the healthy RBC bilayer is confined to
the inner leaflet in order to prevent premature clearance by
immune cells [19,39]. Relevant to the activity of our LP particles,
PS is a key mediator of membrane fusion due to its ability to bind
divalent Ca2+ cations that are responsible for removing water from
the lipid interface [32,33]. This ultimately allows more intimate
contact between dehydrated bilayers and the nucleation of lamel-
lar defects that are a pre-requisite for initiation of membrane
fusion. In addition to this distinct lack of PS, the outer monolayer
of RBCs is rich with PC lipids, which possess a headgroup that
tightly binds to water and as a result potently inhibits interbilayer
fusion [19,32]. Taken together, this suggests that the compositional
mismatch of lipids in our particles and the erythrocyte membrane
may ultimately hinder LP fusion with RBCs, and instead shift their
preferential interaction towards the PS-rich surface of cancer cells
[4–6].
4. Conclusions

In this work we report the design and efficacy of fusolytic nano-
scale particles prepared via the interpolation of membrane-active
helical peptides into liposomal lamella. The resulting particles,
referred to as lipopeptisomes, can be efficiently loaded with onco-
lytic ACPs and remain stable during long term storage. We show
that incorporation of ACPs within LP particles did not disrupt or
diminish their lytic behavior, leading to proficient assimilation of
the peptides into cancer cells membranes and potent cytotoxicity
profiles. Interestingly, when taken within the broader context of
the biophysical mechanisms that mediate interbilayer fusion, our
work provides new insights into the potential to target nanoparti-
cles to specific cell types via compositional matching of particle-
cell lipid constituents.

With respect to the clinical utility of ACPs, this new delivery
strategy is able to impart a significant improvement in the anti-
cancer specificity of oncolytic peptides by reducing their off-
target hemolytic potential and toxicity towards healthy, non-
cancerous tissues. As a result, previously toxic ACPs are trans-
formed into potential drug candidates that can be considered
‘non-hemolytic’ by ASTM guidelines and which possess clinically
relevant therapeutic indices. In fact, LPs display therapeutic win-
dows well above that of many clinically employed chemotherapeu-
tics [40]. These nanomaterials even exceed the toxicity profile of
some antibiotics, such as vancomycin (index �10) [41], which
are often considered the paragon class of therapeutics with which
to benchmark biocompatibility.

It is worth noting that in our studies the tolerance of LPs was
established based on their in vitro profile, and thus we cannot rule
out the potential for secondary effects in vivo. However, the fact
that hemolytic toxicity remains a key barrier to the clinical trans-
lation of many membrane-active peptides [15], and combined with
the low toxicity and immunogenicity profiles of lipid nanoparticles
[42], suggests that LPs represent a biocompatible delivery platform
with significant potential to advance new oncolytic strategies in
the clinic. Thus, we present a novel delivery modality poised to
improve the utility of ACPs, open up new combinatorial
approaches in oncology, and may add to our arsenal of strategies
to combat the emergence of therapeutic resistance in precision
medicine.
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