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Abstract
The water-soluble peptide, melittin, was modified with an anionic agent, sodium dodecyl sulfate by
hydrophobic ion-pairing. Investigations showed that the formed complex was very soluble in organic sol-
vent, especially, in dimethylsulfoxide and dehydrated alcohol. Furthermore, the physiochemical proper-
ties of the complex in the solid state or in an aqueous medium were characterized using octanol/water
partition measurement, Fourier transform infrared spectroscopy, and differential scanning calorimetry.
The complex was formulated into poly(D,L-lactide–co-glycolide acid) nanoparticles by an emulsion solvent
diffusion method. It was found that the nanoparticles of about 130 nm in size can be produced with a high
encapsulation efficiency, and the entrapment of nanoparticles prepared with the formed complex
increased from about 50% to nearly 100% compared with that for pure melittin. Moreover, the growth
inhibitory effects of modified melittin and melittin-loaded nanoparticles in breast cancer MCF-7 cells were
not changed comparing with free melittin as determined by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide) assay.
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Introduction

With the development of biotechnology and genetic
engineering, many pharmacologically active peptides
and proteins are now good candidates for therapeutic
drug treatment. However, their clinical applications
involving oral administration have been limited because
of their higher molecular weight (Mw) which makes
absorption through biological membranes difficult, and
their instability in the GI environment. Administration
of therapeutic peptide drugs via the oral route is chal-
lenging. Many approaches have been used to deal with
those problems, for example, employment of micropar-
ticle carriers such as nanoparticles1–4, microemulsions,
or liposomes5–8. It has been shown that M cells, which
are located on the surface of Peyer’s patches, are a possi-
ble pathway for transporting the nanoparticles through

the gut epithelium9,10. In addition, the polymeric nature
of nanoparticles protects the drug from adverse external
conditions and controls its release11–13.

Despite of the encouraging potential oral applications
of biodegradable polymeric nanoparticles, formulation
of water-soluble peptide drugs involving these carriers
still presents a number of challenges. For example, the
most widely used biodegradable polyesters, such as
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(D,L-lactide–co-glycolide acid) (PLGA), are not water
soluble and this poses a significant challenge to encapsu-
lating hydrophilic drugs into water-insoluble polymers
efficiently14,15. The hydrophobic ion-pairing (HIP)
technique has attracted great interest in the field of water-
soluble protein/peptide delivery16–18. With the HIP tech-
nique, it is possible to increase the liposolubility of the
protein by the complex formed19–22, thereby increasing
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the solubility of more protein/peptides in organic sol-
vents, and allowing homogenous mixing of the complex
with water-insoluble polymers materials for encapsulat-
ing more protein/peptides23,24. Furthermore, for many
proteins, this solution in organic solvents occurs with
retention of their native structure and maintenance of
their enzymatic activity17. Another possible advantage of
the use of HIP is its ability to enhance the transport of pro-
teins across the mucosal membranes25,26.

In this study, melittin was used as a model drug to
produce high entrapment PLGA nanoparticles using
the HIP technique. Melittin, isolated from bee venom, is
composed of 26 amino acids and is a highly hydrophilic
polypeptide with a Mw of 2.86 kD27. Melittin is a typical
representative of biologically active peptides with a high
therapeutic potential. It has been found that melittin
has a marked effect on the immune system28, cardio-
vascular system29, and blood30 and exhibits anti-tumor
activity31. It has been found that melittin can lead to
cathepsis or necrosis of akaryocytes and labrocytes32

and the anti-tumor activity of melittin could be associ-
ated with its effect on cellular membrane channels33–35

or interference with cellular membranes36,37. However,
the frequently used form for its clinical application is
injection which is associated with temporary pain and a
subsequent sustained increase in the skin temperature
because of axon reflex. Therefore, there is a need for
more suitable forms of administration. The biodegrad-
able polymeric nanoparticles in a highly encapsulated
form for oral administration are one of the most impor-
tant choices.

In this study, melittin was combined with sodium
dodecyl sulfate (SDS) via HIP to increase its lipophilic-
ity. Octanol/water partition measurement, investigation
of solubility, Fourier transform infrared (FTIR) spectros-
copy, differential scanning calorimetry (DSC), and
determination of MTT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide) were carried out to
characterize the physiochemical properties and biolog-
ical activity of the melittin/SDS HIP complex (Mel/SDS
complex). In addition, the ion-paired complex dis-
solved in an appropriate organic solvent was directly
formulated into PLGA nanoparticles based on the
emulsion solvent diffusion method. The nanoparticles
containing the Mel/SDS complex were characterized
and compared with those containing free melittin.

Materials and methods

Materials

Melittin was isolated from natural bee venom (Apis
mellifera) as described in the literature38. PLGA with
weight average Mws of 10,050 and 9500, in which the

copolymer ratio of D,L-lactide to glycolide was 75:25, were
obtained from Chengdu Institute of Organic Chemistry,
Chinese Academy of Sciences (Chengdu, China). SDS
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyvinyl alcohol (PVA) was supplied by Shin-Etsu
Chemical Co., Ltd., Tokyo, Japan. MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
purchased from Sigma Chemical Co. (St. Louis, MO,
USA). All other chemicals were of analytical grade.

Methods

Preparation of the melittin/sodium dodecyl sulfate 
complex
The Mel/SDS complex was prepared by the HIP tech-
nique. Melittin with a positive charge and SDS with a
negative charge were combined by electrostatic attrac-
tion in aqueous solution. Briefly, melittin completely
dissolved in acetate or phosphate buffer solution at vari-
ous pH values was adjusted to a final concentration of
4 mg/mL. Various molar ratios of SDS dissolved in the
same buffer solution against melittin from 0.1 to 1 were
added to the melittin solution at room temperature and
a cloudy precipitate was formed. After the solution was
agitated at 500 rpm for 5 minutes, the cloudy solution
was centrifuged at 10,000 rpm for 5 minutes at room
temperature. When the SDS/melittin molar ratio was
6:1, the complexation reactions were also carried out at
various temperatures and the effects of various agitation
times on the complex formation were also investigated
at room temperature. The white precipitates recovered
were rinsed with deionized water and then freeze-dried.

Characterization of the melittin/sodium dodecyl 
sulfate complex
Determination of the amount of complexed melittin.
The amount of melittin within the complexes was deter-
mined indirectly, that is, by measuring the amount of
free melittin by the Lowry method39 in the supernatant
recovered after ultracentrifugation. The bonding effi-
ciency (B.E.%) was expressed as the percentage melittin
difference between the initial amount of melittin and
the free amount in the supernatant relative to the total
amount used for the complex preparation. The bonding
efficiency was calculated as follows:

where W0 is the initial added amount of melittin and Ws
is the amount of melittin in the supernatant.
Fourier transform infrared spectrophotometry and
differential scanning calorimetry. FTIR spectrophotom-
etry (FT-IR Spectrometer, BRUKER IFS-55, Switzerland)
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was used to study the structure of melittin formed in the
complex and the interaction between melittin and SDS.
The infrared (IR) spectra of melittin, SDS, the complex,
and a physical mixture of melittin and SDS were
obtained by the KBr method.

The thermograms of melittin, SDS, Mel/SDS complex,
and the Mel–SDS physical mixture were determined using
DSC (stretching vibration DSC 60, Shimadzu Co., Kyoto,
Japan). Approximately 3 mg of each sample was heated in
aluminum pans from 30 to 300°C and scanning was
carried out at 5°C/min.
Partitioning coefficient of the melittin/sodium dodecyl
sulfate complex in a 1-octanol/water system. The shake-
flask method was employed to determine the partition-
ing coefficient. In this, 2 mL of 1-octanol and 2 mL
samples of various acetate or phosphate buffer solu-
tions were added to the Mel/SDS complex (contained 1
mg melittin) or 1 mg free melittin. After 12 hours of agi-
tation at room temperature, the mixture was centri-
fuged for 3 minutes at 2,000 rpm and, then, the
concentration of melittin in the aqueous phase was
measured by the Lowry method. The partition coeffi-
cient (P) was calculated as follows:

where C0 is the initial concentration of melittin in the
aqueous phase and Cw the final concentration of melit-
tin in the aqueous phase.
Solubilization studies. Organic solvents with a range
of polarity, such as dichloromethane (DCM), ethyl ace-
tate (EAc), dimethylsulfoxide (DMSO), acetone, and
dehydrated alcohol (EtOH), were used to evaluate the
altered solubility of melittin after it was combined with
SDS. Briefly, aliquots of organic solvent (1 mL) were
added to the complexes and physical mixtures, followed
by gentle vortexing for 5–10 minutes to produce an
equilibrium system. The transmission of each system
was recorded at 500 nm in a model 752 ultraviolet–visi-
ble spectrophotometer (Shanghai Spectrum Instru-
ments Co., Ltd., Shanghai, China).
Preparation and characterization of nanoparticles. The
PLGA nanoparticles containing free melittin or Mel/
SDS complex were prepared by an emulsion solvent
diffusion method. Briefly, 30 mg of PLGA and a
selected amount of free melittin or Mel/SDS complex
were dissolved in the organic solvents mixture. Two
kinds of mixture were employed: a mixture of acetone
(1.0 mL)/DMSO (0.3 mL) or acetone (1.0 mL)/EtOH
(0.3 mL). The resultant polymer–drug solution was
poured into 10 mL of PVA solution (1.0%, wt/vol) and the
emulsified system was stirred at 500 rpm for 4 hours
using a magnetic stirrer. The entire dispersed system was
then centrifuged (40,000 × g for 30 minutes; CS 120GXL,

Hitachi Co., Chiyoda, Tokyo, Japan) and resuspended
in distilled water to remove the free drug and PVA.
This process was then repeated and the resultant dis-
persion was freeze-dried, and the final product was
stored at −20°C.

The loaded melittin within the nanoparticles was
determined by a modified solvent dissolution method
with DMSO40. Briefly, freeze-dried nanoparticles were
accurately weighed (10–15 mg) and placed in a 10 mL
flask to which 0.8 mL DMSO was added. After the nano-
particles had dissolved, 0.1 mol/L NaOH containing
0.5% SDS was added and gently mixed. After being
allowed to stand at room temperature for 1 hour, the
resultant solution became clear and the melittin con-
centration in the mixed solution was measured by the
Lowry method. From this result, the percentage loading
(wt/wt, melittin content per dry nanoparticles) was
determined. Each sample was assayed in triplicate. The
encapsulation efficiency was calculated based on the
amount of melittin incorporated into the nanoparticles
and the initial amount used. A small amount of freeze-
dried nanoparticles was redispersed in distilled water
and their size was measured by laser diffraction using a
Coulter LS 230 instrument (Beckman Coulter Co., Ltd.,
Miami, FL, USA). The diameters were measured by
using the volume-based distribution.
Bioactivity. The growth inhibitory effects of free melit-
tin, Mel/SDS complex, and melittin in nanoparticles in
breast cancer MCF-7 cells were measured by MTT
assay. Briefly, cells were seeded onto 96-well plates at
2 × 104 cells/mL per well and then allowed to adhere
and spread for 24 hours. The freeze-dried nanoparti-
cles (entrapment efficiency: 92.6 ± 4.6%) loaded with
Mel/SDS complex were dispersed in 2 mL physiologi-
cal saline, and the system was shaken at 50 rpm at
37°C. After 2 hours, the supernatant was collected by
ultracentrifugation and the amount of melittin
released from the nanoparticles was determined by
the Lowry method. Then, a selected volume of the
supernatant with defined amount of melittin was
freeze-dried. Selected amounts of free melittin, Mel/
SDS complex, and melittin released from nanoparti-
cles were dissolved in phosphate buffered saline (PBS)
(containing a trace of DMSO or alcohol). Various con-
centrations of the compounds were then added and
cultured for another 4 days at 37°C. Then, 20 μL of 5
mg/mL MTT solution was added to each well and
incubated for 4 hours. After this, the medium was
removed and the cells were dissolved in 200 μL DMSO
for 10 minutes at room temperature. The absorbance
at 570 nm was measured using a 96-well microtiter
plate reader. Growth inhibition was determined by
comparison with untreated cells (%) and the drug con-
centration that inhibited the cell growth by a half
(GI50) was calculated.
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Results and discussion

Effect of pH and the molar ratio (sodium dodecyl 
sulfate to melittin) on the amount of complexed 
melittin

Melittin is a 26-amino acid peptide with six basic amino
groups .The sequence is Gly–Ile–Gly–Ala–Val–Leu–Lys–
Val–Leu–Thr–Thr–Gly–Leu–Pro–Ala–Leu–Ile–Ser–Trp–
Ile–Lys–Arg–Lys–Arg–Gln–Gln41,42. The pI value of
melittin is 12.0643 and, below the pI value (pH 4.0, 7.0,
and 9.0), melittin is always positively charged. There-
fore, it is easy for melittin to bind to the negatively
charged sulfate groups of SDS. As seen in Figure 1, the
Mel/SDS complex formed was insoluble and white
precipitates were formed, which also showed that the
positively charged melittin can be stoichiometrically
ion-paired with the negatively charged SDS. This is in

good agreement with the findings reported previously
that complex precipitates can be formed between SDS
and a number of proteins, such as lysozyme, conalbu-
min, insulin, and ovalbumin16,20,24,44. The fraction of
complexed melittin was determined by measuring the
amount of precipitated melittin in the solution after
centrifugation. In this study, it was found that the molar
ratio of SDS to melittin had great influence on the amount
of complexed melittin. However, the temperature and
reaction time had little effect (Figure 1). As shown in
Figure 1, the bonding efficiencies at 30 or 40°C were not
significantly different from that at 20°C (t-test both P >0.1)
and, after agitating for 5 minutes, the bonding efficiency
was similar for all (t-test both P>0.1). It was found that
up to 98% of the melittin formed a compound with SDS
when the molar ratio of melittin to SDS was 1:6. In other
words, when one molecule of melittin formed a com-
pound with six molecules of SDS, the complex formed
was very stable and exhibited a high degree of hydro-
phobicity. This may be related to how many charges
were presented by melittin. Melittin has 26 amino acid
residues, six of which are positively charged, and there
are no negative charges over the pH range studied45,46.
At pH 4.0, 7.0, and 9.0, melittin always carries six posi-
tive charges. However, obviously, before we obtained
the highest bonding efficiency, when the molar ratio
was greater than 2:1, the bonding efficiency of melittin
at pH 7.0 and 9.0 was higher than that when precipita-
tion occurred at pH 4.0. Melittin gradually becomes
more electropositive as the pH value shifts away from its
pI value, then it is easy to attract negatively charged
groups. We expected that the complex would be more
easily formed at pH 4.0, initially, assuming that pKa
value of sulfate group in SDS is less than 4. However,
Figure 1 shows unexpected results. This homoioplastic
behavior has also been observed by others24. As the pH
approaches the pI value of melittin, the hydrophobic
interaction between melittin molecules became more
intense, causing the surface-neutralized melittin to
interact with active molecules by a nonspecific hydro-
phobic interaction during the formation of a precipitate
in addition to the ion-pairing action47. It was also inter-
esting to note that, after reaching the highest bonding
efficiency (1:6, melittin/SDS molar ratio), addition of an
excess of SDS to the insulin solution reduced the bond-
ing efficiency. The solution eventually turned clear and
the bonding efficiency was 0% at an SDS/melittin molar
ratio of 10 (Figure 1). Upon further addition of excess
SDS beyond the point of highest bonding efficiency, the
additional SDS in the solution then formed micelles,
and the water-insoluble Mel/SDS complex tended to
dissociate in the micelles. This reverse ion-pairing
behavior has also been observed by using other pro-
teins or peptides with different complexing agents, such
as fatty acids, surfactants, and phospholipids16,19,47,48.

Figure 1. Bonding curve of SDS to melittin: (A) the effect of different
SDS/melittin molar ratios on the bonding efficiency; (B) the effect of
different temperatures on the bonding efficiency; and (C) the effect of
different reaction times on the bonding efficiency (mean ± SD, n = 3).
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The Mel/SDS complex (1:6, molar ratio) was used in the
subsequent studies.

Infrared spectra analysis

The structure of the Mel/SDS complex was studied by
IR spectroscopy to examine whether the native struc-
ture of the protein was retained in the complex. The IR
spectra of melittin, SDS, their physical mixture and the
complex are shown in Figure 2. In the melittin spectrum
(Figure 2C), three main bands were observed at 3311.6
(amide A band), 1652.9 (amide I), and 1539.8 (amide
II)49,50. It was also shown that four distinctive features at
2918.7, 2850.3, 1219.7, and 1083.9 cm–1 were IR absorp-
tion bands corresponding to the CH2 asymmetric, CH2
symmetric, SOO− asymmetric, and SOO− symmetric
stretching vibration modes in the SDS spectrum
(Figure 2D)51. This showed that the amide I band
(1630–1700 cm−1) of the complex and pure melittin, a
characteristic area widely used as an indication for the

secondary structure (backbone) conformation of
protein/peptides52, was similar. This suggested that the
secondary structural conformation of melittin in the
complex was unchanged. The spectrum of the physical
mixture had the distinctive features of both melittin
and SDS.

However, there was a difference between the physical
mixture and the complex in their IR spectra (Figure 2A–B).
The distinctive feature in the Mel/SDS complex corre-
sponding to the βN−H sheet at 1540.1, 1541.9 cm−1

decreased, and the peak intensity of the band at 1390–
1330 cm−1, corresponding to N�O-stretching, increased.
Comparing the complex with SDS in the IR spectra
(Figure 2A and D), the characteristic absorption band at
1219.7 cm−1 in the SDS spectrum corresponding to
S�O�H stretching was less marked and shifted to the
low field in the complex spectrum, which suggests that
there were interactions between the NH+ of the protein
and the SOO− of SDS during complex formation16. In
addition, no new peaks were observed in the mixture

Figure 2. Infrared spectra of (A) Mel/SDS complex (1:6, molar ratio); (B) melittin and SDS physical mixture; (C) melitin; and (D) SDS.

3900 3500 3000 2500 2000 1500
Wavenumber cm–1 1200 1000 700 500 400
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and complex. These observations suggest that some
weak physical interactions between melittin and SDS
take place during formation of the complex.

Differential scanning calorimetry measurement

DSC was employed to investigate the Mel/SDS complex
formed in this study. DSC curves of melittin, SDS, Mel/
SDS complex, and the Mel–SDS physical mixture are
shown in Figure 3. The endothermic peaks of SDS were
observed at 95.11, 188.60, 203.59, and around 250°C,
respectively. The Mel–SPC physical mixture also had an
endothermic peak at 93.89, 188.98°C. and a broad
endothermic peak at around 230°C. However, no melt-
ing point peak was found in the curve of native melittin.
We suggest that melittin was in a high-energy amor-
phous state. The Mel/SDS complex showed a broad
endothermic peak at 130.24, 184.15, and about 280°C.
The endothermic peaks of SDS became smaller and
broader. The changes in the low temperature band cor-
respond to the thermodynamic transformation of the
crystal structure from an orderly to a disorderly form53.
As shown in Figure 3, there was a broad and small
endothermic peak at 184.15°C in the curve of the com-
plexes and a sharp endothermic peak at 188°C in the
curve of SDS, both of which suggested that the intramo-
lecular ion interaction of SDS in the complexes was
weaker and more disorderly than that in pure SDS. This
may be associated with the occurrence of an intermo-
lecular ion interaction between SDS and melittin. The
difference was interpreted as an interaction between
the melittin and SDS and the formation of the Mel/SDS
complex54. Above 200°C, there were broad and large

peaks in the curve of the complex. According to the the-
ory of heat denaturation of proteins55,56, this result indi-
cates that at such a high temperature, the spatial
structure of the protein might be disrupted because of
the weak ionic interaction between melittin and SDS57.
Furthermore, the endothermic peaks of the physical
mixture became smaller. This suggests that some SDS
could fuse with melittin during the heating procedure.

Partition coefficient and solubilization of the melittin/
sodium dodecyl sulfate complex in organic solvents

It was expected that the aqueous solubility of melittin
would decrease after complex formation. In order to con-
firm the increased lipophilicity of the complex, its parti-
tion coefficient in 1-octanol/buffer was measured (as
shown in Table 1). As a control, the partition coefficient
of pure melittin was also measured. Compared with that
of pure melittin, the partition coefficient of the complex
increased markedly in the three buffer systems. The lipo-
philicity of melittin was increased by the hydrophobic
agent, SDS, in the complex58. In addition, both the parti-
tion coefficients of the complex and pure melittin in pH
7.0 buffer were higher than that in the other two buffer
systems (pH 4.0 and 9.0). This may be attributed to the
increased hydrophobic interaction between melittin
molecules as the pH approaches the pI value of melittin.
These results are in good agreement with the findings
involving the pH effects on Mel/SDS complex formation.

As shown in Table 1, the ability of the Mel/SDS complex
formed by HIP to reduce the aqueous solubility of melittin
has been confirmed. Furthermore, it was found that the
solubility of melittin in organic media increased after the
formation of the Mel/SDS complex (Figure 4). We chose
five of the most frequently used organic solvents as the
emulsion solvents in the diffusion method to be investi-
gated. They were DCM, EAc, ethyl alcohol (EtOH), ace-
tone, and DMSO. The transmittance of the organic solvent
solution (except DCM) with the complex was higher than
70%, especially in DMSO and EtOH. When the Mel/SDS
complex was dissolved in DMSO and EtOH, the transmit-
tance of the system increased up to about 100%, which
indicated that melittin was completely dissolved in the
organic phase. As a control, the transmittance of melittin
and the SDS physical mixture was no more than 60%,

Figure 3. DSC curves of (A) SDS; (B) melitin; (C) melitin and SDS
physical mixture (1:6, molar ratio); and (D) Mel/SDS complex (1:6,
molar ratio).
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Table 1. Partition coefficients of Mel/SDS complex (1:6, molar ratio)
and melittin in 1-octanol/buffer (Mean ± SD, n = 3).

Mel/SDS complex Pure melittin

P log P P* log P*

pH 4.0 11.79 ± 2.50 1.07 ± 0.09 0.21 ± 0.08 −0.69 ± 0.19

pH 7.0 29.39 ± 4.78 1.46 ± 0.07 0.52 ± 0.08 −0.29 ± 0.07

pH 9.0 20.51 ± 2.14 1.31 ± 0.04 0.19 ± 0.05 −0.74 ± 0.11

*t-test, P < 0.01.
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which demonstrated that Mel/SDS complex enhances the
solubility of melittin in organic solvents. It was also
observed that the transmittance of the organic solvent
solution with different polarities was also different. In other
organic solvents (acetone, EAc, DCM), the transmittance
was not so high. The polarity of those organic solvents was
in the order: DMSO> EtOH >EAc>acetone>DCM. It is
known that the agents were reconnected to the HIP com-
plex mainly via ionic attraction17,18,24,48,59. Thus, the differ-
ence may be attributed to the strong polarity of DMSO and
EtOH, which can reduce the ionic attraction in the com-
plex and produce ionic solvation, leading to the dissolution
of melittin in organic solvents60.

Preparation and characterization of nanoparticles

Using the HIP technique, the increased solubility of
melittin in organic solvents enabled nanoparticles
encapsulated with melittin to be prepared with a high
entrapment efficiency (shown in Table 2). About 50% of
pure melittin was loaded into the PLGA nanoparticles,
whereas nearly 100% of the initially added Mel/SDS com-
plex was loaded. As shown in Table 2, the size distribu-
tion of nanoparticles was measured as a function of the
initial amount of melittin added to the nanoparticles. The
solubility of the Mel/SDS complex both in DMSO and
EtOH was good. The size of nanoparticles prepared with
the DMSO and acetone mixture was similar to that

prepared with the EtOH and acetone mixture, although
the entrapment efficiency of the nanoparticles prepared
with DMSO was less than that prepared with EtOH. This
may be because of the slow spreading rate of DMSO in
the aqueous phase. The spreading rate of DMSO in the
aqueous phase was slower than that of EtOH. Thus, the
Mel/SDS complex dissolved in DMSO had a greater
chance to escape from entrapped polymer materials dur-
ing diffusion of the organic phase and the polymer form-
ing nanoparticles. It was shown that the amount of
melittin loaded in nanoparticles was about 6% and the
entrapment efficiency was high (about 90%). In addition,
nanoparticles as small as about 130 nm in diameter
could be successfully prepared. It is also observed that
the entrapment efficiency of melittin was reduced from
99.6 ± 1.7% to 54.8 ± 3.1% on increasing the amount of
melittin loaded in nanoparticles from 3.87 ± 0.13% to 7.08
± 0.40%. In addition, the size of the nanoparticles
increased slightly from 128 to 141 nm. The increase in the
unit volume of melittin might cause an increase in the
probability of leakage of melittin from polymer materials.
Thus, even though the amount of melittin loaded in
nanoparticles increased, the entrapment efficiency was
reduced. Nevertheless, the viscosity of the organic phase
increased as the initial added amount of the Mel/SDS
complex increased. The size increment was likely caused
by the viscosity effect of the organic phase. As shown in
Figure 5, the size distribution of the nanoparticles pre-
pared with the Mel/SDS complex (entrapment efficiency:
92.6 ± 4.6%) was narrow and was mainly about 130 nm.

Activity

The growth inhibitory effects of melittin, Mel/SDS com-
plex, and melittin released from nanoparticles in MCF-7
cells were determined by MTT assay. The drug concen-
tration that inhibited half the cell growth (GI50) was calcu-
lated. In this study, the growth inhibitory effects of various
concentrations (1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 μg/mL)
of melittin or a melittin-equivalent dose (in the complex)
were investigated (Figure 6). As shown in Figure 6, the
GI50 of free melittin, the complex, and melittin released
from nanoparticles were 3.64 ± 0.66, 3.92 ± 0.52, and 4.42

Figure 4. The solubility of melittin in different organic solvents
(mean ± SD, n = 3).
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Table 2. Characterization of PLGA nanoparticles prepared with pure melittin and Mel/SDS complex (1:6, molar ratio) (mean ± SD, n = 3).

Drug added Oil phase
Wp 

(mg)
Wm 

(mg)
Melittin loading 

(wt/wt, %)
Entrapment 

efficiency (%)
Particle yield 

(%)
Diameter 

(nm)

Pure melittin DMSO/acetone 30 1 1.87 ± 0.20 49.3 ± 5.2 84.9 ± 2.0 112 ± 29

Complex DMSO/acetone 30 1 3.17 ± 0.12 87.0 ± 5.6 87.8 ± 2.4 124 ± 21

Complex EtOH/acetone 30 1 3.87 ± 0.13 99.6 ± 1.7 81.4 ± 4.0 128 ± 17

Complex EtOH/acetone 30 2 6.36 ± 0.32 92.6 ± 4.6 87.6 ± 5.4 134 ± 18

Complex EtOH/acetone 30 3 6.99 ± 0.43 70.0 ± 4.1 86.4 ± 2.4 137 ± 18

Complex EtOH/acetone 30 4 7.08 ± 0.40 54.8 ± 3.1 84.9 ± 1.8 141 ± 19

Wp is the initial amount of PLGA added and Wm is the initial amount of melittin added.
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± 0.43 μg/mL, respectively. The GI50 of the complex and
melittin released from nanoparticles were not signifi-
cantly different from that of free melittin (t-test both
P > 0.1). These data clearly indicate that the melittin in the
complex retained its bioactivity in vitro, which was con-
sistent with the results showing that the protein retained
its native structural integrity in the HIP complex which

has been confirmed by other studies. After preparation of
nanoparticles containing Mel/SDS complex, the melittin
in the nanoparticles also retained its bioactivity in vitro.

Conclusions

In this article, the melittin–sodium lauryl sulfate com-
plex was prepared by the HIP technique. Compared
with that of uncomplexed melittin, the partition into 1-
octanol in an octanol/water system and the solubility in
organic solvents of the complexed melittin were signifi-
cantly increased. After complex formation with SDS,
melitin was successfully formulated into biodegradable
nanoparticles by the emulsion solvent diffusion
method. The complex with loaded nanoparticles, char-
acterized by a high drug entrapment efficiency (about
90%) and drug content (6–7%), was obtained by the
novel HIP strategy. In addition, the bioactivities of
melittin in the complex and in the nanoparticles were
similar to those of free melittin, as verified by in vitro
anti-tumor testing.

Declaration of interest: The authors report no conflicts
of interest.
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