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C
ytolytic peptides (e.g., melittin, ce-
cropins, and magainins) are consid-
ered to be one of the most potent

anticancer drug candidates because their
lytic properties may enable them to over-
come tumor drug resistance.1 Melittin, a 26
amino acid amphipathic cationic peptide
(GIGAVLKVLTTGLPALISWIKRKRQQ-NH2) de-
rived from bee venom,2 is able to interact
with biological membranes due to its am-
phipathic properties.3 Melittin can disrupt
the phospholipid bilayer of cell membranes
by forming transmembrane pores of widely
distributed sizes that can be determined by
temperature, pH, peptide concentration,
ionic strength, and peptide-to-lipid ratios.4

Melittin has shown some promise as a cancer
therapeutic agent,5�7 but in vivo applications
of this peptide are limited due to its main side
effect, hemolysis.7�9

In an effort to reduce hemolysis, the
melittin sequence has been altered in some
studies.10�12 However, these alterations led
to decreased membrane activity in cancer
cells.13 Other efforts have included conju-
gatingmelittin to an antibody or a targeting
protein to increase the cancer cell specific-
ity.14,15 However, most melittin bioconju-
gates reported to date retain significant
hemolytic activities, preventing them from
being administered intravenously.
Many research groups have explored de-

livering melittin with nanoparticles. Poly-
ethylene glycol-stabilized lipid disks,16 poly(D,L-
lactide-co-glycolide acid) nanoparticles,17 and
quantum dots18 were all shown to be able to
stably carrymelittin. However, these nanopar-
ticles are not suitable for systemic administra-
tion because surface loading ofmelittin does
not shield its hemolytic nature, especially
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ABSTRACT The cytolytic peptide melittin is a potential anti-

cancer candidate that may be able to overcome tumor drug

resistance due to its lytic properties. However, in vivo applications

of melittin are limited due to its main side effect, hemolysis, which is

especially pronounced following intravenous administration. Here,

we designed a hybrid cytolytic peptide, R-melittin, in which the

N-terminus of melittin is linked to the C-terminus of an amphipathic

R-helical peptide (R-peptide) via a GSG linker. The strong R-helical

configuration allows R-melittin to interact with phospholipids and

self-assemble into lipid nanoparticles, with a high efficiency for R-melittin encapsulation (>80%) and a strong ability to control the structure of the

nanoparticle (∼20 nm). This R-melittin-based lipid nanoparticle (R-melittin-NP) efficiently shields the positive charge of melittin (18.70 ( 0.90 mV)

within the phospholipid monolayer, resulting in the generation of a neutral nanoparticle (2.45( 0.56 mV) with reduced cytotoxicity and a widened safe

dosage range. Confocal imaging data confirmed that R-melittin peptides were efficiently released from the nanoparticles and were cytotoxic to the

melanoma cells. Finally, R-melittin-NPs were administered to melanoma-bearing mice via intravenous injection. The growth of the melanoma cells was

blocked by the R-melittin-NPs, with an 82.8% inhibition rate relative to the PBS-treated control group. No side effects of treatment were found in this

study. Thus, the excellent properties ofR-melittin-NP give it potential clinical applications in solid tumor therapeutics through intravenous administration.
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during transport in the blood vessels.16�18 Although
liposomes have the ability to efficiently shield hydro-
philic agents in their cores or hydrophobic agents in
their phospholipid bilayer membranes,19 they are not
suitable for melittin delivery because their phospho-
lipid bilayer membranes can be disrupted by melittin.20

Recently, Soman et al. developed a melittin-carrying
perfluorocarbon nanoemulsion with a phospholipid
monolayer.21 It showed for thefirst timemelittin's ability
to inhibit tumor growth after intravenous administra-
tion while mitigating the hemolytic activity of free
melittin.22 However, this melittin-loaded nanoparticle
has a large size (∼270 nm), rendering it inefficient to
penetrate solid tumor,23,24 has a variable surface charge
(from �17.2 to 17.82 mV) associated with the melittin-
loading content, and is unable to load additional che-
motherapeutic agents into its solid core. Therefore, an
ideal nanocarrier would have not only the ability to
shield the cytotoxicity of melittin to safely deliver it
systemically but also optimized physicochemical prop-
erties to enhance the utility rate and antitumor effi-
ciency of the nanoparticle. These properties might
include a small size so that the nanoparticle could
penetrate the narrow collagen fibril space in solid
tumors (20�40 nm),25 a neutral charge so that the
nanoparticlewould not interferewith cationic or anionic
proteins during systemic delivery, and synergistic load-
ing of chemical agents for theranostic purposes.
Previously, we developed a 20 nm core�shell lipid

nanoparticle, high-density lipoprotein (HDL)-mimicking
peptide-phospholipid scaffold (HPPS) that has a structure
and function that are precisely controlled by an amphi-
pathic R-helical peptide (FAEKFKEAVKDYFAKFWD-NH2).

26

This R-helical peptide constrains the phospholipid mono-
layer into its desired size by overcoming the high lipid
curvature, whereas the embedded peptide retains the
natural HDL receptor (scavenger receptor class B1, SR-B1)
targeting function.26 Therefore, given the R-helical nature
of melittin and the need to shield its hemolytic side
effects before it reaches the cancer site, we designed a
novel hybrid cytolytic peptide in which the melittin
peptide is linked with the C-terminus of another
R-helical peptide (DWFKAFYDKVAEKFKEAF-NH2,

27

denoted asR-peptide) through aGSG linker to generate
DWFKAFYDKVAEKFKEAF-GSG-GIGAVLKVLTTGLPALISW-
IKRKRQQ-NH2, which is denoted as R-melittin. As
shown in Scheme 1, R-melittin might tightly interact
with phospholipids to deeply bury the cationic amino
acid ofmelittin due to the nanostructural control ability
of R-peptide. Especially, both the C-terminus of the
R-peptide and the N-terminus of melittin contain hydro-
phobic amino acids, which are beneficial for deeply
burying R-melittin within the phospholipid monolayer.
Therefore, we presume that R-melittin not only is cap-
able of precise structural control of lipid nanoparticles
but also can shield the cytotoxicity of melittin through a
highly self-assembled interactionwith the phospholipid

monolayer. We anticipate that R-melittin-based lipid
nanoparticles (R-melittin-NPs) will inhibit tumor growth
with few side effects in vivo.

RESULTS

To prepare R-melittin-NPs, a lipid emulsion was for-
med using 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC, 3μmol) and cholesterol oleate (CO, 0.2μmol).
Then, an R-melittin solution (0.19 μmol, at a weight
ratio of peptide to lipid of 0.5:1) was added into the
lipid emulsion in a dropwise fashion and stored over-
night at 4 �C until the turbid emulsion turned into a
clear solution. The solution containing R-melittin-NPs
was purified using a fast protein liquid chromatogra-
phy (FPLC) system. The FPLC profile, in which both the
215 and 280 nm absorption curve represented the
peptide/lipid-containing nanoparticle and the 215 nm
absorption curve more sensitively reflected the pep-
tide than the 280 nm absorption curve, showed
that one narrow, main peak represented the desired
R-melittin-NPs at a retention time of 62.4 min and that
two impurity side peaks represented the large particles
and the free peptide at retention times before 50 min
and at 120 min, respectively (Figure 1A). The encapsu-
lation rate ofR-melittin in the nanoparticles, whichwas
estimated by the ratio of the absorption value of the
main peak area to the total peak area according to the
FPLCprofile at 215 nm,was very high (>80%). However,
0.19 μmol of R-peptide or melittin alone barely shrank
the size of the lipid emulsion (data not shown). As a con-
trol, R-peptide-based lipid nanoparticles (R-peptide-
NPs) were formed using 0.87 μmol of R-peptide (at a
weight ratio of peptide to lipid of 1:1); the encapsula-
tion rate of R-peptide in R-peptide-NPs was very low,
and large amounts of free R-peptide were eluted out
at a retention time of 122 min by FPLC (Supporting
Information, Figure S1A). Even when the amount of
melittin was increased to 0.87 μmol (at a weight ratio
of peptide to lipid of 2.5:1), melittin alone remained
unable to control the size of the lipid emulsion
(Supporting Information, Figure S1B). When the mix-
ture of 0.19 μmol of R-peptide and 0.19 μmol of

Scheme 1. Schematic diagrams of the R-melittin and
R-melittin-NPs.
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melittin was added to the lipid emulsion, the FPLC
profile showed a poor encapsulation rate for the pep-
tides and a low productivity rate for the nanoparticles
(Supporting Information, Figure S1C).
Next, we measured the physicochemical properties

of R-melittin-NPs. The transmission electron micro-
scopy (TEM) data clearly showed that R-melittin-NPs
are sub-30 nm spherical nanoparticles with perfect
monodispersity (Figure 1B). Dynamic light scattering
(DLS) data indicated that the size of the nanoparticles
was 14.9 ( 4.2 nm (n = 3), with a narrow size distribu-
tion (Figure 1C). Thus, melittin connected to R-peptide
not only retained the ability to control the size of the
nanoparticles but also drastically increased the utility
rate of peptides and enhanced the self-assembled
interaction of the peptide and phospholipid.
The secondary structures ofR-melittin andR-melittin-

NPs were analyzed by measuring the circular dichroism
(CD) spectrum. The data revealed that both R-melittin-
NPs and R-peptide-NPs display the characteristics of
R-helical configurations, with double negative peaks at

222 and 208 nm (Figure 1D). Interestingly, the second-
ary structure of R-melittin was distinctive from that of
R-peptide and melittin in PBS solution; R-melittin
displayed a strong R-helical configuration even in the
absence of lipid. To confirm the core-loading ability of
R-melittin-NPs, Fluo-BOA was used as a model cargo
and was loaded into the core of R-melittin-NPs.
The FPLC profile of (Fluo-BOA)R-melittin-NPs showed
that the 488 nm absorption peak of Fluo-BOA exactly
matched the R-melittin-NP peak at 280 nm (Supporting
Information, Figure S2A). To verify the stability of
R-melittin-NPs, we prepared dual-labeled R-melittin-
NP, in which R-melittin was labeled with fluorescein
isothiocyanate (FITC) and the core was loaded with
DiR-BOA (1,10-dioctadecyl-3,3,30,30-tetramethylindotri-
carbocyanine iodide bisoleate, a lipid-anchored near-
infrared fluorophore), denoted as FITC-(DiR-BOA)R-
melittin-NP. The FPLC profile of FITC-(DiR-BOA)R-
melittin-NPs confirmed that both FITC and DiR-BOA
were successfully loaded on the nanoparticles, which
was evidenced by the absorption peaks of 495 nm for

Figure 1. Characterization of R-melittin-NPs. (A) FPLC profile of R-melittin-NPs. (B) TEM image of R-melittin-NPs. (C) Size
distribution of R-melittin-NPs as detected using DLS. (D) Circular dichroism spectra of R-peptide, melittin, R-melittin,
R-peptide-NPs, and R-melittin-NPs in PBS solutions. (E) SDS-PAGE assay and fluorescence imaging evaluating the stability of
the FITC-(DiR-BOA)R-melittin-NPs. (F) Zeta potential measurements of melittin, R-melittin, and R-melittin-NPs. Data are
presented as the mean ( SD, n = 3, ***p < 0.001.
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FITC and 700 nm for DiR-BOAmatchingwith the 280 nm
absorption peaks of R-melittin-NPs (Supporting Infor-
mation, Figure S2B). The semi-native SDS-PAGE data
indicated that FITC-(DiR-BOA)R-melittin-NPs were
stable in 10% FBS or 10% plasma at 37 �C for 3 h, as
both FITC and DiR-BOA fluorescent signals were de-
tected on the same band. As a control, adding 5%
Triton induced nanoparticle decomposition, resulting
in the leakage of DiR-BOA from the nanoparticles and
the separation of FITC andDiR-BOA fluorescent signals.
Furthermore, the peptide release assay and the long-
term storage stability test indicated that R-melittin
tightly interacted with phospholipid to maintain the
size stability of the nanoparticles (Supporting Informa-
tion, Figures S4 and S5).
The most important property of the R-melittin-NPs

is that the large positive charges of melittin (18.70 (
0.90 mV, n = 3) and R-melittin (21.33( 1.64 mV, n = 3)
are shielded and result in the nanoparticles having an
approximately neutral zeta potential (2.45 ( 0.56 mV,
n = 3) (Figure 1F). This result strongly suggests that the
cationic R-melittin peptide was deeply buried in the
phospholipid monolayer of the nanoparticle and that
this burial is critical to reduce the cytotoxicity of
melittin.
To test this hypothesis, hemolysis assays were per-

formed in vitro using red blood cells (RBC). As shown in
Figure 2A and B, very low concentrations of melittin
(4 μM) or R-melittin (10 μM) induced complete lysis of
RBC, whereas 50 μM (peptide concentration) R-melittin-
NPs inducedminimal hemoglobin release (8( 4%,n=3).

Next, malignantmelanoma B16F10 cells were used as a
model to assess the cytotoxicity of R-melittin-NPs in
tumor cells. Compared with the half-maximal inhibi-
tory concentrations (IC50) of free melittin (1.71 (
0.04 μM) and R-melittin (4.20 ( 0.09 μM), R-melittin-
NPs appeared to decrease tumor cells' cytotoxicity, as
indicated by an increased IC50 value of 11.26( 1.37 μM
(Figure 2C). To further confirm the differential cytotoxi-
city of R-melittin-NPs to RBC and B16F10 cells, the cells
were incubated with FITC-(DiR-BOA)R-melittin-NPs for
1 h at 37 �C and the fluorescent signals in cells were
detected using flow cytometry. The strong fluorescent
signals of both FITC and DiR-BOA were observed in
B16F10 cells, whereas these signals were seldom de-
tected in RBC (Supporting Information, Figure S6).
Thus, R-melittin buried within the lipid layer of nano-
particles results in reduced toxicity to RBC and reduced
efficiency in killing tumor cells in vitro at concentra-
tions ranging from 10 to 50 μM. These properties are
beneficial for the in vivo utility of R-melittin-NPs and
indicate that these nanoparticles have a favorable
safety profile.
To assess the release of R-melittin from the nano-

particles, B16F10 cells were incubated with FITC-(DiR-
BOA)R-melittin-NPs for 2 h at 37 �C and then stained
with Hoechst 33342. Confocal imaging data showed
that both FITC and DiR-BOA signals were detected in
B16F10 cells. The fluorescent signals of FITC andDiR-BOA
were separated, and some cells appeared dead by
morphology and nucleus changes (Figure 3A). These
data indicated that FITC-(DiR-BOA)R-melittin-NPs entered

Figure 2. R-Melittin-NP cytotoxicity assays in RBC and cultured melanoma cells in vitro. (A, B) Hemolysis assays for melittin,
R-melittin, and R-melittin-NPs in RBC. (C) Proliferation assays evaluating the cytotoxicity of melittin, R-melittin, and
R-melittin-NPs in tumor cells. Data are presented as the means ( SD, n = 3.
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into the B16F10 cells, and the anticancer agent
R-melittin peptides were released from the nanoparti-
cles and functionalized. To visually demonstrate the
effects of R-melittin-NPs on tumor cells, B16F10 cells
expressing KatushkaS158A28 (B16-KatushkaS158A), a
tetrameric far-red fluorescent protein, were stained
with the nuclear dye Hoechst33342 and were treated
with fluorescein-labeled R-melittin-NPs (FITC-R-melittin-
NPs) (Supporting Information, Figure S2C). Using con-
focal microscopy, changes in cell morphology and
three-color fluorescence signals were imaged at
5 s intervals (Figure 3B and Supporting Information,
Video S1). At the beginning of the treatment of B16-
KatushkaS158A with 25 μM (peptide concentration)
FITC-R-melittin-NPs, theB16-KatushkaS158Acells showed
a strong far-red fluorescent signal in the cytosol. The
FITC signal was excluded from the cells and some
recruitment on the cell membrane. After 28 min of
treatment with FITC-R-melittin-NPs, the far-red signal
in the cells gradually decreased, suggesting that the
FITC-R-melittin released from the nanoparticles gen-
erated the pores on the cell membrane and allowed
KatushkaS158A (∼120 kDa) to leak out of the cells. As
time progressed, the KatushkaS158A fluorescence sig-
nal completely disappeared from the cells. Meanwhile,
the FITC signal increased in the intracellular region,
with the FITC signal being especially strong on the
endomembrane system. The chromosomes were ob-
served to have condensed and ruptured, and the cell

morphology became altered as more and larger bub-
bles formed (Figure 3B).
Next, we investigated the concentration-dependent

cytotoxicity of R-melittin-NPs and the mechanism
underlying cell death. B16F10 cells were treated with
various concentrations of R-melittin-NPs for 3 h and
then stained with annexin V-FITC/PI for flow cytometry
analysis. As shown in Figure 3C and in Figure S7A of the
Supporting Information, low concentrations (5�10 μM)
of R-melittin-NPs primarily induced early apoptosis in
B16F10 cells (lower-right quadrant of the scatter plot),
and high concentrations (>12.5 μM) of R-melittin-NPs
primarily resulted in B16F10 cell necrosis (upper-right
quadrant of the scatter plot). When the concentration
ofR-melittin-NPswas below 2.5 μM, theR-melittin-NPs
did not damage B16F10 cells, even after incubation for
24 h (Supporting Information, Figure S7B). These re-
sults further suggested that intravenous injection
may allow R-melittin-NPs to retain their cytotoxicity
to tumor cells following the selective accumulation
of R-melittin-NPs in the tumor region due to the
enhanced permeability and retention (EPR) effect. In
addition, intravenous injection ofR-melittin-NPsmight
prevent side effects as a result of low concentration of
R-melittin-NPs in normal tissues.
To evaluate the efficacy of R-melittin-NPs against

B16F10 melanoma in vivo, 20 mg/kg (3.7 μmol/kg of
peptide) of R-melittin-NPs were injected into tumor-
bearing mice via the tail vein on the fifth, seventh,

Figure 3. Imaging and quantitative analyses of R-melittin-NP cytotoxicity in melanoma cells. (A) Confocal imaging of B16F10
melanoma cells incubated with FITC-(DiR-BOA)R-melittin-NPs for 2 h and stained with Hoechst 33342. Bar = 5 μm. (B) Real-
time visualization of the R-melittin-NPs attacking the tumor cells that were obtained using confocal microscopy. Scale bar =
10 μm. (C) Flow cytometric quantitative analyses of the mortality rates of B16F10 cells that had been treated with R-melittin-
NPs at different concentrations. Data are presented as the mean ( SD, n = 3.
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ninth, and 11th days after 8 � 105 B16F10 cells had
been subcutaneously implanted into C57/BL6 mice.
Tumor-bearing mice that had been injected intrave-
nously with R-peptide-NPs and PBS served as the con-
trol groups. As shown in Figure 4A and in Figure S8 of
the Supporting Information, the mean tumor volumes
differed significantly between theR-melittin-NP-treated
group (48.89 ( 29.50 mm3) and the R-peptide-NP-
treatedgroup (322.20( 116.67mm3) or thePBS-treated
group (389.23 ( 49.84 mm3) on the 13th day after the
implantation of tumor cells (p < 0.01, n = 5). Both the
images and weights of the tumor xenografts further
confirmed the efficient inhibition of tumor growth by
the R-melittin-NPs (85.04 ( 47.01 mg), with an 82.8%
inhibition rate relative to the PBS-treated control group

(495.28 ( 144.56 mg) and a 71.4% inhibition rate
relative to the R-peptide-NP control group (297.30 (
86.60 mg) (Figure 4B and C, n = 5, p < 0.01).
To evaluate the side effects of R-melittin-NPs, blood

was collected from the mice on the 13th day of tumor
growth for hemanalysis and biochemical analyses,
and normal tissues (hearts, livers, spleens, lungs, and
kidneys) were removed for histopathologic analyses.
There were no differences in the number of white
and red blood cells (WBC and RBC), hemoglobin
(HGB), mean cell hemoglobin (MCH),mean corpuscular
hemoglobin concentrations (MCHC), and hepatic and
renal function parameters (e.g., blood urea nitrogen
(BUN), total bilirubin (T-Bil), and glutamate pyruvate
transaminase (ALT)) among the three groups (Figure 5,
Table S1 in the Supporting Information). The only
difference observed was that the aspartate amino-
transferase (AST) levels in the R-melittin-NP-treated
group (197.20 ( 34.47 U/L) were lower than those in
both the PBS-treated control (543.60 ( 137.14 U/L)
(p < 0.01, n = 5) and R-peptide-NP-treated control
(402.40( 189.39U/L) (p< 0.05, n= 5). AST, an important
liver enzyme, was elevated in the PBS-treated control
and R-peptide-NP-treated control groups (normal
values of AST are 111.25 ( 19.92 U/L in female mice),
perhaps as a result of liver injury that had been induced
by tumor growth. This damage was confirmed by
conducting histopathologic analyses of the tissues
(Figure 6). Images of H&E-stained tissue sections
showed that many vacuoles appeared in the hepatic
cells in the PBS-treated control group but did not
appear in the R-melittin-NP- or the R-peptide-NP-
treated groups. No histopathological abnormities or
lesions were found in the other organs (hearts, spleens,
lungs, and kidneys) in the three groups. These results
indicated that R-melittin-NPs inhibited tumor growth
and simultaneously reduced liver injury. In addition, it is
worth mentioning that there were no differences in
serum hemoglobin or the weights of the mice among
the three groups (Figure 5C and J), indicating that
R-melittin-NPs can be used safely in vivowithout toxicity.

DISCUSSION

The central purpose of the present study was to
develop a simple and biocompatible melittin-carrying
nanoparticle that could overcome the toxicity of mel-
ittin in the vascular system and normal tissues while
retaining melittin-induced toxicity in tumors. We de-
signed a novel hybrid melittin cytolytic peptide that
had a strong R-helical configuration and could be used
to form an ultrasmall lipid nanoparticle that had the
ability to inhibit tumor growth. Our results strongly
support our designs for theR-melittin cytolytic peptide
and the R-melittin-based lipid nanoparticle.
The R-melittin cytolytic peptide was hybridized

using a unique fusion approach in which the N-terminus
of melittin was linked to the C-terminus of R-peptide

Figure 4. In vivo evaluation of the effect of R-melittin-NPs
on the inhibition ofmelanomagrowth. (A) Tumor volume in
each group with increasing days. Tumor volume in the
R-melittin-NP-treated group was significantly inhibited
compared to the other groups. (B) Photographs and (C)
weights of the tumors from each group on the 13th day.
Data are presented as the means ( SD, n = 5, **p < 0.01.
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through a GSG linker. Because the cytotoxicity functional
domain of melittin is located at the C-terminus,13 this
fusion should allow melittin to remain free to function.
The N-terminus of melittin contains several hydropho-
bic amino acids (GIGAVL). Thus, we chose R-peptide
(DWFKAFYDKVAEKFKEAF-NH2), which contains two hy-
drophobic amino acids (AF) at the C-terminus, to link to
the N-terminus of melittin, thereby increasing the prob-
ability of deeply burying melittin in the lipid layer of the

nanoparticle (Scheme 1). We hoped that R-melittin
could be efficiently encapsulated within the lipid
nanoparticle with the aid of the structural control
ability of R-peptide and that R-melittin could be
released from the nanoparticles to exert cytotoxicity
to the tumor cells.
Surprisingly, R-melittin appeared to display en-

hanced synergistic functions in the formation of the
lipid nanoparticle, with a higher encapsulation rate
and stronger nanostructural control compared with
R-peptide. There were several lines of evidence that
supported this idea: (1) a high encapsulation rate
(>80% of R-melittin was encapsulated into the nano-
particle) and (2) lower peptide dosage and smaller
nanosize (R-melittin controlled the size of the nano-
particles more efficiently than did R-peptide). The
required molar ratios were 0.19/3 for R-melittin/lipid
and 0.87/3 for R-peptide/lipid, respectively. The size of
the R-melittin-NPs was also smaller than that of the
R-peptide-NPs when the same molar ratio of peptide
to DMPC/CO was used. Also supporting this is (3)
enhanced R-helical conformation: Interestingly, melit-
tin and R-peptide alone do not form typical R-helical
conformations in PBS solution. When melittin is linked
withR-peptide, it displays a strongR-helical conforma-
tion. Both R-melittin-NPs andR-peptide-NPs displayed
a typical R-helical structure. Moreover, R-melittin-NPs
have many advantages, such as neutral charge, ultra-
small size, stability, and a core�shell structure that
allows core loading of oleate-modified imaging agents
(e.g., Fluo-BOA and DiR-BOA).
Compared to free melittin, R-melittin-NPs clearly

increased the concentration of R-melittin required for
cytotoxicity, resulting in a widening of the safe dosage

Figure 5. Evaluation of the side effects of R-melittin-NPs in vivo. (A�E) Blood hemanalysis of white blood cells (WBC), red
blood cells (RBC), hemoglobin (HGB), mean cell hemoglobin (MCH), and mean corpuscular hemoglobin concentration
(MCHC). (F�I) Biochemical analyses of blood urea nitrogen (BUN), total bilirubin (T-Bil), glutamate pyruvate transaminase
(ALT), and glutamic-oxalacetic transaminease (AST). (J) Line plot of body weight changes in tumor-bearing mice during
treatment. Data are presented as the means ( SD, n = 5, *p < 0.05, **p < 0.01.

Figure 6. Histopathologic analyses of H&E-stained tissue
sections from the hearts, livers, spleens, lungs, and kidneys
of tumor-bearingmice. Arrows indicate damaged liver cells.
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range of R-melittin. In the present study, the therapeutic
dosage of R-melittin-NPs in vivo was 20 mg/kg.
We found that there was no obvious toxicity when
R-melittin-NPs were administered intravenously at
dosages below 70 mg/kg, whereas the median lethal
dose (LD50) of free melittin was 3�4 mg/kg.29

We found that R-melittin-NP-mediated inhibition of
tumor growth occurs in a concentration-dependent
manner rather than via SR-B1-mediated targeting.
Although R-melittin-containing R-peptide has the po-
tential for SR-B1 targeting, we did not find evidence
of SR-B1 targeting in this study. R-melittin-NPs also
obviously inhibit the proliferation of human nasopha-
ryngeal carcinoma 5�8F cells30 (SR-B1þ) and human
fibrosarcoma HT1080 cells26 (SR-B1�), in which the
cytotoxicity was not well correlated with the cellular
SR-B1 expressing level (data not shown). It is interest-
ing to observe that the cytotoxicities of R-melittin-NPs
to tumor cells and RBC were significantly different, as
50 μM R-melittin-NPs induced only 8% RBC to hemo-
lyze, while causing 98% of B16F10 tumor cells to die
(Figure 2B and C). Through comparison of the binding
or entering ability of FITC-(DiR-BOA)R-melittin-NPs
between B16F10 cells and RBC using flow cytometry,
we confirmed that the cytotoxicity of R-melittin-NPs
was correlated with the binding or entering efficiency
of R-melittin to the cells (Supporting Information,
Figure S6). However, why are R-melittin-NPs easier to
bind and why do they enter into tumor cells more
easily than RBC? The potential reason might be due to
the different amount of cholesterol on the cell mem-
brane of tumor cells and RBC.31 The cell membrane of
RBC containing abundant cholesterol may limit the
phospholipid exchange between the monolayer phos-
pholipids of nanoparticles and bilayer phospholipids
of cell membranes or prevent R-melittin peptide

transference from nanoparticle to cells. The precise
mechanism of R-melittin-NPs in exerting different
cytotoxicity between tumor cells and RBC is unclear.
On the basis of all of these characteristics of

R-melittin-NPs, we speculate that there are two poten-
tial advantages to the use of R-melittin-NPs in tumor
therapeutics in vivo. First, the ultrasmall size of
R-melittin-NPs is beneficial for diffusion and pene-
tration of the nanoparticle in solid tumors, which
exist as compact collagen fibrils with narrow spaces
(20�40 nm).23,25 Second, the core�shell structure of
the nanoparticles can be core-loaded with imaging
agents26,32,33 and therapeutic agents (e.g., paclitaxel
oleate),34 increasing the ease of achieving synergistic
therapeutics for tumors.35

CONCLUSIONS

In summary, we designed a novel hybrid melittin
cytolytic peptide and created a novel approach to
encapsulating melittin in a biocompatible lipid nano-
particle. Our data demonstrated that the positive
charge of R-melittin and its cytotoxicity are success-
fully shielded within ultrasmall lipid nanoparticles.
R-Melittin can also be released to exert its cytotoxic
effects on tumor cells. R-Melittin-NPs administered
via intravenous injection efficiently inhibited tumor
growth with few side effects. Furthermore, several
attractive characteristics of R-melittin-NPs, such as
their ultrasmall size (∼20 nm), which allows them to
efficiently penetrate solid tumors, their stable neutral
charge, which allows them to avoid interference from
cationic or anionic proteins, their core�shell spherical
morphology, which enables the synergistic loading of
chemical agents, and their perfect biocompatibility
and monodispersity, give R-melittin-NPs superior uti-
lity as synergistic therapeutics for solid tumors.

MATERIALS AND METHODS
General Comments. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

was purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA).
Cholesteryloleate, fluorescein isothiocyanate, and Hoechst33342
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Fluo-
BOA, which consists of two oleoyl groups conjugated to a hydro-
philic fluorescein dye, was generated as previously described.26,36

Themelittin, R-peptide, and R-melittin peptides were synthesized
by Apeptide Co., Ltd. (Shanghai, China).

Preparation of Nanoparticles and Concentration Measurements. The
R-melittin-NPs and R-peptide-NPs were prepared as follows. (1)
A mixture of DMPC and CO in chloroform was dried under
nitrogen to form a uniform lipid film. (2) Phosphate-buffered
saline (PBS) solution was added, and the mixture was vortexed
and sonicated for 1 h at 48 �C to form a lipid emulsion. (3) The
peptides were added to the lipid emulsion in a dropwise
fashion and then stored overnight at 4 �C. To prepare the
nanoparticles that were core-loaded with Fluo-BOA or DiR-
BOA, the only difference in the protocol was the first step, in
which Fluo-BOA or DiR-BOA was mixed with DMPC and CO in
chloroform. Toprepare the FITC-R-melittin-NPsor FITC-(DiR-BOA)-
R-melittin-NPs, fluorescein isothiocyanate was conjugated to
the lysine residues of the peptides after the R-melittin-NPs or

(DiR-BOA)R-melittin-NPs had been prepared. All of the nanopar-
ticles were purified using a fast protein liquid chromatography
system with a HiLoad 16/60 Superdex 200 pg column (General
Electric Healthcare, NY, USA) and then concentrated to the desired
concentrations. In the present study, the concentrations were
calculated from thepeptide concentrations,whichweremeasured
in the aqueous phase of the solution extracted from the nano-
particles using a CBQCA protein quantitation kit (cat. no. MP 0667,
Invitrogen Corporation, CA, USA).

Measurement of the Physicochemical Properties of the Nanoparticles.
Transmission electron microscopy was performed using a TEC-
NAI G2 (FEI Company, OR, USA) to determine the morphology
of the R-melittin-NPs, which were negatively stained with 1%
uranyl acetate prior to imaging. The particle size distributions
and zeta potentials of the R-melittin-NPs were measured using
dynamic light scattering photon correlation spectroscopy on a
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK).

Measurement of the Circular Dichroism Spectra. The CD spectra of
the peptide and nanoparticles were measured from 190 to
250 nmwith a Jasco J-810 circular dichroism spectropolarimeter
(Tokyo, Japan).

Stability Evaluation. FITC-(DiR-BOA)R-melittin-NPs were incu-
batedwithPBS, 10%FBS, 10%plasma, and5%Triton for3hat37 �C.
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The stability of the R-melittin-NPs was analyzed and evaluated
using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with
an 8% semi-native gel and a custom-made optical fluorescence
imaging system that had been fitted with a green filter set
(excitation filter: 469/35 nm; emission filter: 510/42 nm), a near-
infrared filter set (excitation filter: 716/40 nm; emission filter:
800/40 nm), and a 150 W xenon lamp (Crownteck, Inc., PA,
USA).37,38

Hemolysis Assays. Fresh mouse blood was collected in anti-
coagulant tubes with EDTA 3 2K. The red blood cells were
separated, purified, and diluted to 5.0 � 107/mL for the hemo-
lysis assays. Various concentrations of free melittin, free
R-melittin, and R-melittin-NPs were incubated with 100 μL of
RBC at 37 �C for 3 h. The absorbance of the supernatants from
each group of RBC was measured using a microplate reader
(model 525, TECAN Group Ltd., Männedorf, Switzerland) at
540 nm. RBC that had been treated with 1% Triton were used
as a positive control, and the release rate of hemoglobin for this
group was set at 100%.

Cell Culture. B16F10 melanoma cells were purchased from
Boshide Biology Ltd. (Wuhan, China). The cells were cultured in
RPMI-1640 medium (HyClone, Thermo Fisher Scientific, Beijing,
China) containing 100 U/mL of penicillin�streptomycin (Gibco,
Life Technologies, Carlsbad, CA, USA) and 10% fetal bovine
serum (FBS, HyClone). The cells were grown at 37 �C in an
incubator with a 5% CO2, humidified atmosphere.

Cell Proliferation Assays. B16F10 cells (3.0� 103 per well) were
seeded in 96-well plates and were incubated for 48 h. Various
concentrations of melittin, R-melittin, and R-melittin-NPs were
added to the wells and were incubated with B16F10 cells for 3 h
at 37 �C. The cells were washed with PBS to remove the drugs,
after which point they continued to be cultured for 45 h at 37 �C.
The cell proliferation assays were performed using the Cell
Counting Kit 8 (CCK-8, Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan).

Confocal Imaging. To illustrate the peptide release and deliv-
ery mode of the R-melittin-NPs, B16F10 cells or B16-Katushka-
S158A cells (3 � 104 per well) were seeded into the 35 mm
culture dishes with a cover glass bottom (NEST Biotechnology
Co. Ltd., Shanghai, China) and were incubated for 48 h at 37 �C.
Subsequently, FITC-(DiR-BOA)R-melittin-NPs were added to the
dishes containing B16F10 cells and FITC-R-melittin-NPs (25 μM)
were added to the dishes containing the B16-KatushkaS158A
cells. Prior to confocal imaging, the cells were stained with
Hoechst33342 for 10 min and were washed twice. The fluores-
cence signals were detected using anOlympus FV1000 confocal
laser scanning microscope (Olympus, Tokyo, Japan) at excita-
tion wavelengths of 405 nm for Hoechst33342, 488 nm for
Fluo-BOA and FITC, 543 nm for KatushkaS158A, and 633 nm for
DiR-BOA.

Cell Death Flow Cytometry Assays. An annexin-V-FITC/PI kit
(Sungene Biotech Co., Ltd., Tianjin, China) was used to deter-
mine the mechanism underlying R-melittin-NP-induced cell
death. B16F10 cells (2 � 104 per well) were seeded in a 24-well
plate and were incubated for 48 h at 37 �C. The cells were
harvested after incubation with R-melittin-NPs at 0, 2.5, 5, 7.5,
10, 12.5, 15, 20, 25, or 50 μM for 3 h at 37 �C and were then
stained with annexin-V-FITC and PI solution for 5 min. The dual
fluorescent signals of the cells were analyzed using a micro-
capillary flow cytometer (Guava EasyCyte8HT, EMD Millipore
Corporation, Billerica, MA, USA).

In Vivo Antitumor Studies. All animal studies were performed in
compliance with protocols that had been approved by the
Hubei Provincial Animal Care and Use Committee and the
experimental guidelines of the Animal Experimentation Ethics
Committee of Huazhong University of Science and Technology.
C57BL/6 mice (female, 6 weeks old) were implanted subcuta-
neously with 8 � 105 B16F10 melanoma cells in the left flank.
The day of tumor cell implantation was defined as day 0. On the
fifth day after implantation of the tumor cells, the mice were
randomly separated into 3 groups. Each group contained
5 mice. The tumor-bearing mice were administrered R-melittin-
NPs (20 mg/kg), R-peptide-NPs (at the same molarity as the
R-melittin NPs), or PBS via tail vein injection, every other day for
a total of 4 doses. The body weight and tumor size of each

mouse were measured using an electronic balance and calipers
on the fifth, seventh, ninth, 11th, and 13th days. The tumor
volumes were calculated according to the following formula:
V = 0.5� L(length)�W(width)� H(height). On the 13th day, all
of the mice were killed, and the tumors were dissected, photo-
graphed, and weighed. The inhibition rates of tumor growth
were calculated according to the following formula: inhibition
(%) = (C � T)/C, where C was the average volume of the tumor
in the control group (PBS- or R-peptide-NP-treated) and T was
the averagevolumeof the tumor in theR-melittin-NP-treatedgroup.

Histopathologic Analyses of Normal Tissues. The hearts, livers,
spleens, lungs, and kidneys were extracted from tumor-bearing
mice and fixed in a 4% paraformaldehyde solution. The organs
were embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E). The imageswere obtained using a BX53
microscopy system (Olympus, Tokyo, Japan) that was equipped
with a color CCD (DMK 41BU02, Sony Co., Tokyo, Japan)

Blood Hemanalysis and Biochemical Analyses. Blood samples were
collected before the mice were killed. The blood cell and bio-
chemical analyses were performed using a hematology ana-
lyzer (BC-3200, Mindray, Shenzhen, China) and a biochemical
analyzer (SPOTCHEM EZ SP-4430, Arkray Inc., Kyoto, Japan),
respectively.

Statistics. Nonparametric statistics (Kruskal�Wallis and
Mann�Whitney U tests) were used to determine significant
differences for the in vivo studies, and Student's t test (two
tailed) was used for the in vitro studies. Significant differences
between or among groupswere indicated by * for p<0.05, ** for
p < 0.01, and *** for p < 0.001.
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