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Abstract
A melittin-targeting drug carrier was successfully synthesized by the grafting of sodium alginate to an oligopeptide via an
amidation method at different oligopeptide:alginate unit molar ratios. The average sizes of the oligopeptide–alginate
nanoparticles formed in the presence of 1 mM CaCl2 decreased with increasing oligopeptide contents, indicating
intramolecular interactions between oligopeptide-side chains. While the doxorubicin-loading efﬁciency on nanoparticles
(0.1:1) was similar to that of alginate nanoparticles, the melittin-loading onto oligopeptide–alginate nanoparticles (0.1:1) was
more than double that onto alginate nanoparticles, suggesting the speciﬁc interaction of melittin with the oligopeptide-side
chain in the oligopeptide–alginate nanoparticles. While 2.5 μM free melittin caused almost no damage to Caco-2 cells, more
than 80% of cells did not survive under the dose of 2.5 μM melittin-loaded oligopeptide–alginate nanoparticles. The results
conﬁrm that the derivation of an oligopeptide-side chain in alginate offers a speciﬁc binding site for melittin and effectively
works in cancer chemotherapy.

Introduction
Chemotherapy has been a mainstay of cancer treatment for
decades. However, most conventional chemotherapeutic
drugs are toxic to healthy cells, and others have difﬁculty in
penetrating cytotoxicity-inducing tumors. Therefore, targeted drug delivery is the preferred method for drug
administration, which is a very promising alternative to
increase the concentration of a drug at the desired target site
without destroying other normal tissues [1, 2]. This function
leads to a special focus on nanomedicine, because
nanoparticles have a larger surface area-to-volume ratio,
resulting in a greater efﬁciency in drug delivery and a better

penetrating ability [3–5]. In cancer treatment, nanoparticles
have been developed to satisfy an enhanced permeability
and retention (EPR) effect to passively target tumor tissues
and to increase the capability to realize active targeting
through the incorporation of ligands [6–8]. Accordingly,
various polymeric materials can be used to develop
nanoparticle carriers, because polymeric nanoparticles
can protect drugs from rapid metabolism and selectively
accumulate in tumor tissues via the EPR effect.
Alginate has attracted much attention as a delivery
carrier for cancer therapy due to its signiﬁcant biological
properties, such as biocompatibility, low immunogenicity,
nontoxicity, and water-solubility. Furthermore, alginate is a
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linear anion polysaccharide composed of alternating
blocks of 1,4-linked hexuronic acid residues, namely, β-Dmannuronate (M) and α-L-glucuronate (G) residues, which
possess speciﬁc structures and show pH-dependent swelling
behavior. The carboxyl group transforms from the protonated state to the deprotonated state at around pH ~5, which
allows the neutral polymer to shrink at acidic pH values and
the charged polymer to swell in at neutral or basic pH
values. However, low encapsulation efﬁciency and fast
release of drugs have been observed for alginate microcapsules [9, 10].
Melittin, a major peptide constituent of bee venom, is a
potential anticancer candidate, because cancer cells are less
likely to develop resistance to a membrane pore former.
Thus, melittin has the ability to induce cell cycle arrest,
growth inhibition, apoptosis, and necrosis in various cancer
cells [11–13]. The chemical formula of melittin is
C131H228N38O32, and it consists of the known 26 amino acid
sequence, Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-The-ThrGly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-GlnGln [14, 15].
Therefore, in this study, oligopeptide-side chained alginate nanoparticles were synthesized from water-soluble
alginate and oligopeptides of α-alanine to obtain melittintargeted drug delivery. In detail, we introduced an oligopeptide side chain with a propylamine terminal as the
blocking group of the c-terminal of the oligopeptide. The
oligopeptide side chain provides an effective binding site of
melittin to be the oligopeptide. Hydrogen bonding is an
attractive force by which drugs can be retained in drug
delivery systems, but at the same time, these forces become
weak and can release drugs at higher temperatures. The
physicochemical characteristics of oligopeptide-side chain
O
OH

Reagents
Sodium alginate (SA, 216.12 g/unit mol, weight-average
molecular weight 1.65 × 105 g/mol, weight-average polymerization degree 763), N-hydroxysuccinimide (NHS), and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) were
purchased from Acros (Belgium), and tert-butoxycarbonyl
(BOC)-alanine was obtained from the Protein Research
Foundation (Japan). Melittin and DOX hydrochloride were
supplied by Sigma-Aldrich (USA). All other chemical
reagents obtained from commercial sources and used in the
study were of analytical grade.

Synthesis of alginate with an oligopeptide-side
chain (oligopeptide–alginate)
The synthesis of oligopeptide–alginate was performed
through four steps, as illustrated in Scheme 1. In the ﬁrst
step, to 1 mmol of BOC-alanine (compound (1)) dissolved
in dimethylformamide (DMF), equimolar amounts of
NHS and EDC were added under continuous stirring,

NHS, EDC in DMF
1
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alginate nanoparticles were determined using nuclear magnetic resonance (NMR), Fourier-transform infrared (FTIR)
absorption spectroscopy, and static and dynamic light
scattering (SLS and DLS). The characteristics of action as
drug carriers were compared between melittin and doxorubicin (DOX). The speciﬁc effectivity of the oligopeptide
side chain in melittin delivery was discussed in association
with cell viability.
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of oligopeptide molecule:alginate repeating unit). The
solution was continuously stirred at room temperature for
24 h. Then, the solution was poured into the mixture of
diethyl ether and hexane (1:1 by volume) to obtain the
oligopeptide–alginate. 1H-NMR (600 MHz, D2O, oligopeptide): 1.12, 1.80, 3.05, 3.17, 3.26 ppm (CH3(terminal),
CH2, CH2, CH3, CH3), 3.63 ppm (alginate).

and then equimolar propylamine was added to the mixture. After the mixture was stirred at room temperature for
24 h, the solution was added into a mixture of diethyl
ether and hexane (1:1 by volume) to precipitate the
compound (2). The collected compound (2) was reserved
for the second step.
The BOC terminal of compound (2) was deprotected
using 5 M HCl in isopropanol. The solution was stirred at
50 °C for 4 h, and the pH of the solution was adjusted to pH
7–8 using a saturated NaHCO3 solution at the end of the
reaction. After the solution was cooled to 20 °C, the organic
solvent phase was collected and added to a mixture of
diethyl ether and hexane (1:1 by volume) to precipitate and
obtain the required compound (3).
To prepare the Ala–Ala dipeptide, BOC-alanine was
reacted with compound (3) using an amidation method in
DMF. 1 mmol of NHS and an equimolar amount of EDC
were added into the BOC-alanine solution, and then compound (3) was added. The solution was continuously stirred
at room temperature for 24 h. Then, the solution was poured
into a mixture of diethyl ether and hexane (1:1 by volume)
to obtain compound (4).
In the last step, to obtain the required compound (5), the
BOC terminal of compound (4) was deprotected by the
same procedure as that used for the production of compound (3). The yield of each step is described in Scheme 1.
The yield was always high enough.
The obtained oligopeptide was further used to prepare
the oligopeptide–alginate by an amidation method in DMF,
as shown in Scheme 2. First, 1 mmol of NHS and an
equimolar amount of EDC were added into the alginate
solution, and then compound (5) was added at various
molar ratios (0.033:1, 0.05:1, and 0.1:1 molar ratios
COONa

HO

COONa
O
OH

O
OH

To obtain calcium ion-induced alginate nanoparticles,
sodium alginate solutions at different concentrations (0.01,
0.075, and 0.1 mg/ml) were prepared by dissolving proper
amounts of sodium alginate powder in water at 30 °C. Then,
50 μl of 0.02 M CaCl2 was dropwise added to the stirred
aqueous solution (1 ml) of sodium alginate, and the mixture
was continuously stirred for 2 h at 30 °C. Then, the concentration of CaCl2 in the prepared solution was 1 mM.
Correspondingly, an oligopeptide–alginate solution at a
concentration of 0.1 mg/ml was prepared by dissolving
oligopeptide–alginate powder in water at 30 °C. Then, 50 μl
of 0.02 M CaCl2 was dropwise added to the stirred aqueous
solution (1 ml) of oligopeptide–alginate, and the solution
was continuously stirred for 2 h at 30 °C.

Characterization
The 1H-NMR measurement was performed at room temperature on an AVANCE III HD600 NMR spectrometer
(Bruker) using a 5 mm NMR tube. The alginate and oligoalginate were dissolved in D2O (99.9%) to a concentration
of 10 mg/ml. The FT-IR absorption spectra on KBr disks
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were recorded using a Thermo Scientiﬁc Nicolet 6700 FTIR
spectrophotometer with 64 scans (resolution = 4 cm−1).
The static light scattering (SLS) measurement was performed at 25 °C on an Otsuka Electronics Photal DLS-7000
(Japan) equipped with a He–Ne laser (10 mW at 633 nm) as
a light source. The weight-average molecular weight (Mw)
and z-average radius of gyration (Rg) were evaluated from
the Debye plot. The refractive index increment against the
concentration (dn/dCp) at 633 nm was measured at 25 °C on
an Otsuka Electronics Photal DRM-3000 (Japan). Sample
solutions were ﬁltered with a 0.2 μm-pore size membrane
ﬁlter. The surface charge and particle size were determined
by measuring the zeta potential and DLS using a Malvern
Nano-ZS90 (Japan) with a He–Ne laser beam at 633 nm and
25 °C. The value was recorded as the average of three
measurements.

Loading and release of drugs on alginate and
oligopeptide–alginate nanoparticles
To load drugs into alginate and oligopeptide–alginate
nanoparticles, aqueous solutions of DOX (500 μl) or
melittin (100 μl) at different concentrations of 1–100 µg/ml
were incubated with an aqueous solution (1 ml) of alginate
or oligopeptide–alginate. All solutions were gently stirred at
room temperature for 24 h in the dark. Then, 50 μl of 0.02
M CaCl2 were dropwise added to the stirred aqueous mixture and then continuously stirred for 2 h at 30 °C under
dark conditions.
The drug-loaded nanoparticle solutions were dialyzed in a
cellulose tubular membrane (MWCO of 6000–8000 g/mol)
against water for 72 h to remove the unbound drug. The
amount of unbound drug in the dialyzed outer solution was
determined quantitatively from the absorbance at the band
(485 nm) of DOX or the band (280 nm) of melittin using a
calibration curve. The amount of loaded drug was evaluated
by subtracting the amount of unbound drug from the initial
amount of drug.
The controlled release of drugs was examined in phosphate
buffered saline (PBS) at pH 5.5 and 7.4. A nanoparticle
solution in a dialysis membrane (MWCO = 3500 g/mol) was
dialyzed in 10 ml of water under constant stirring for 72 h at
room temperature. The concentration of drugs released into
water from the nanoparticle solution was quantiﬁed using the
absorbance at the band of 485 nm for DOX and of 280 nm for
melittin.
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supplemented with 10% fetal bovine serum (Life Technologies Corporation), bovine insulin (5 μg/ml, SigmaAldrich), sodium pyruvate (1 mM, Biological Industries),
antibiotics (100 unit/ml penicillin and 100 μg/ml streptomycin, Life Technologies Corporation), and Glutamax
(2 mM, Life Technologies Corporation). The cells were
then seeded into a 96-well plate at a density of 1 × 104
cells per well. After incubation for 24 h, the sample solutions were added into each well to attain the desired concentrations. After incubation at 37 °C for 48 h, a solution of
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)2H-tetrazolium salt (WST-1) was added at 10 μl/well, and
the mixture was incubated at 37 °C for another 3 h. The
viability of the cells was determined by the visible absorbance at 440 nm after subtracting the reference absorbance
at 650 nm using an ELISA microplate reader (EZ Read 400,
Biochrom Ltd., Cambridge, UK). Three independent
experiments were performed, and each experiment was
done in triplicate.

Results and discussion
Characterization of the oligopeptide–alginate
nanoparticles
Alanine dipeptides were synthesized by using BOC-alanine as
a starting material. Figure 1 shows the FT-IR absorption
spectra of compounds 1–5, the chemical structures of which
are illustrated in Scheme 1. The absorption band of BOCalanine (compound (1)) observed at 3350 cm−1 can be
assigned to the NH and OH stretching vibration modes, and
the absorption bands observed at 1717 and 1699 cm−1 can be
assigned to the C=O stretching vibration mode of the urethane and carboxylic acid groups. After the reaction of BOCalanine with trimethylamine, new absorption bands were
observed at 1652 and 1562 cm−1, assigned to the amide I and

Cell viability of alginate and oligopeptide–alginate
nanoparticles
Caco-2 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and cultured
in DMEM medium (Life Technologies Corporation)

Fig. 1 FT-IR absorption spectra of compounds 1–5
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amide II modes of compound (2), respectively [16–19]. After
the deprotection of BOC to obtain compound (3), absorption
bands were observed at 1655 and 1432 cm−1, which were
assigned to the C=O stretching and NH2 bending vibration
modes of the alanine dipeptide. Similar variation bands on IR
absorption spectra occurred even during the process of the
syntheses of compounds (4) and (5), wherein amidation and
deprotection reactions, respectively, were performed. Thus,

Fig. 2 FT-IR absorption spectra of alginate and oligopeptide–alginates
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similar bands to those of compounds (2) and (3) were
obtained at 1650 and 1580 cm−1 for compound (4) and at
1652 and 1439 cm−1 for compound (5).
The oligopeptide–alginates with different molar ratios
(0.033:1, 0.05:1, and 0.1:1) of the oligopeptide relative to the
alginate chain unit were prepared. Figure 2 shows the IR
absorption spectra of alginate and the oligopeptide–alginates.
The characteristic IR bands of alginate appeared at 3410,
1608, and 1418 cm−1 and were attributed to the O–H
stretching and carboxylate antisymmetrical and symmetrical
stretching vibration modes, respectively. A small band at
2940 cm−1 could be assigned to the C–H stretching vibration
mode. While these characteristic bands of alginate can also be
observed for oligopeptide–alginates, additional shoulder
bands at 1680 and 1560 cm−1 were observed for the
oligopeptide–alginates. These bands could be assigned to the
amide I and II modes, respectively, of the oligopeptide
[20, 21], and these shoulders were clearly observed when the
molar ratio of oligopeptide to alginate was 0.1:1.
The successful modiﬁcation of alginate was also conﬁrmed by 1H-NMR. In Fig. 3, the proton chemical shift at
3.63 ppm can be assigned to the proton of alginate.
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Fig. 3 1H-NMR spectra of alginate and oligopeptide–alginate(0.1:1)
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Table 1 Weight-average
molecular weights (Mw), zaverage radii of gyration (Rg),
hydrodynamic radii (Rh), and
refractive index increment
against concentration (dn/dCp)
for alginate and
oligopeptide–alginate(0.1:1)
(0.1 mg/ml) in aqueous 0.01 M
NaCl solution at pH 9 and for
oligopeptide–alginate(0.1:1)
(0.1 mg/ml) in aqueous 1 mM
CaCl2 solution
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Mw × 105 (g/mol)

Rg (nm)

Rh (nm)

Rg/Rh

dn/dCp (ml/g)

Alginate in NaCl

1.65

66.5

44.2

1.50

0.155

Oligopeptide–alginate(0.1:1) in NaCl

2.02

96.3

84.2

1.14

0.179

Oligopeptide–alginate(0.1:1) in CaCl2

75.6

149

However, additional proton chemical shifts of the
oligopeptide–alginate (at 0.1:1) were observed below this
chemical shift and were assigned to the methyl, methylene
and Cα protons of the oligopeptide. Additionally, Fig. 3
exhibits a signal related to the presence of the proton of the
amide group at 4.88 ppm [22].

Sizes of alginate and oligopeptide–alginate
nanoparticles
The weight-average molecular weight (Mw), hydrodynamic
radius (Rh), and z-average radius of gyration (Rg) were
evaluated from SLS and DLS measurements performed for
alginate and oligopeptide–alginate(0.1:1) (0.1 mg/ml) in
aqueous 0.01 M NaCl solutions at pH 9. The light scattering
data, Mw and Rg, obtained from extrapolation of the Debye
plot to the scattering angle (θ) → 0° and the slope of the
Debye plot, respectively, are summarized in Table 1, along
with the values of Rh and the refractive index increment (dn/
dCp, Cp is the polymer concentration). The polymerization
degree of alginate estimated from the Mw value was 763,
and the increase in the molecular weight of the
oligopeptide–alginate is attributed to the substitution of
alginate monomer units by the oligopeptide. The Rg/Rh
values were 1.50 and 1.14, suggesting that the polydispersity of oligopeptide–alginate(0.1:1) was less than that
of alginate. The density (d) calculated from Mw and Rh was
0.76 and 0.13 mg/cm3, respectively, for alginate and
oligopeptide–alginate(0.1:1). These small d values indicate
that the aggregates contained a large amount of water, and
this characteristic is advantageous for loading small molecules such as drugs. The SLS measurement was performed
for oligopeptide–alginate(0.1:1) in an aqueous 1 mM CaCl2
solution. The increase of the Mw and Rg values (see Table 1)
indicates the agglomeration of oligopeptide–alginate(0.1:1).
The calculated aggregation number was 37.
The hydrodynamic sizes (2Rh) from DLS in aqueous
solutions in the absence and presence of 1 mM CaCl2 were
measured for alginate and oligopeptide–alginates at different oligopeptide:alginate unit molar ratios. The sizes
(685–724 nm in water and 201–248 nm in 1 mM CaCl2) of

0.103

alginate were almost independent of the alginate concentration (0.01–0.1 mg/ml), although the alginate size in
water was shrunk by approximately 1/3 after adding 1 mM
CaCl2. These results are not amazing, if ionic crosslinkage occurs. The sodium alginate molecules were
crosslinked in the presence of Ca ions due to the coupling
of Ca ions with two carboxylate ions in an alginate
molecule [23]. Thus, alginate molecules in CaCl2 solution
cannot expand by electrostatic repulsion between free
carboxylates, which happened in the solutions without
CaCl2. It can be noted that such size variation of alginate
depends on the kind of added salt but does not depend on
the alginate concentration.
The average sizes of the oligopeptide–alginate nanoparticles in aqueous 1 mM CaCl2 solution evaluated through
DLS were 296, 180, 125, and 54 nm at different oligopeptide:alginate unit molar ratios (0:1, 0.033:1, 0.05:1, and
0.1:1, respectively), indicating the decrease of particle size
with increasing oligopeptide content. This can be attributed
to the lesser negative charge on the alginate chain after
reaction of the carboxyl group on the alginate with the
amine group of the oligopeptide, leading to less repulsion
within the alginate chain [24]. Another possible cause is the
interaction between oligopeptide side chains in the
oligopeptide–alginates. This phenomenon is largely possible, because oligopeptides can form β-sheets through
hydrogen bonding [25, 26].
As shown in Fig. 4a, the zeta potential of both alginate
and oligopeptide–alginate(0.1:1) nanoparticles in aqueous 1
mM CaCl2 solution was neutral in acidic media and negative (−34 to −36 mV) under neutral and alkaline (pH 6–11)
conditions, because all carboxyl groups in the alginate and
oligopeptide–alginate are protonated in acidic media and
deprotonated, becoming negatively charged on the particle
surface, under neutral and alkaline conditions, although the
pKa values of the carboxyl group were 4.1 and 3.2,
respectively, for the alginate and oligopeptide–alginate
(0.1:1).
In addition, it can be known from Fig. 4b that changing
the pH in aqueous solution also affects the hydrodynamic
particle size of the nanoparticles, because alginate nanogel
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Fig. 4 The pH dependence of a the zeta potential and b the particle
size of alginate and oligopeptide–alginate(0.1:1) nanoparticles

is a pH-responsive anionic nanoparticle. Under acidic
conditions below the pKa (4.1) of alginate, the majority of
the groups exist as COOH, which results in less electrostatic repulsion on the alginate chain. At elevated pH
values, the COOH groups are deprotonated to COO−,
which increases the electrostatic repulsion among charges
on the alginate chain, leading to swelling, namely,
increasing the particle size of the alginate nanogels
[27, 28]. Since the carboxyl groups in alginate are partly
substituted by the oligopeptide side chain, the total amount
of carboxyl groups on the oligopeptide–alginate is less
than that of pristine alginate, and there is an additional
attractive interaction between the oligopeptides, as
described above. Therefore, the particle size of
oligopeptide–alginate is always smaller than that of alginate. However, the pH dependence of the hydrodynamic
size cannot be explained by aggregate formation, because
less-charged polymers can easy aggregate due to lesser
electrostatic repulsion, and vice versa. In this situation, the
hydrodynamic size must be larger under acidic conditions
than under alkaline conditions, and the results in Fig. 4b
do not coincide with this assumption.
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Fig. 5 (Top) DOX and (bottom) melittin loading onto alginate and
oligopeptide–alginate(0.1:1) nanoparticles

Drug loading and release via alginate and
oligopeptide–alginate nanoparticles
To assess the effectiveness of a nanoparticle as a drug
nanocarrier, the amount of drug loading is one of the
evaluations used. Therefore, the loading efﬁciency of
alginate and oligopeptide–alginate nanoparticles was
evaluated by comparison between DOX and melittin. The
amounts of the drugs loaded onto the nanoparticles—that
is, the nanocarriers—were plotted as a function of drug
concentration, as shown in Fig. 5. The results demonstrate
that the drug loading onto both nanocarriers initially
increased with increasing drug concentration and became
saturated at higher drug concentrations for both drugs. The
difference between melittin and DOX is distinct in terms
of the drug loading amount. While the loading amount of
DOX was only 10% higher on oligopeptide–alginate than
on alginate, the melittin loading on oligopeptide–alginate
was more than twice higher than that on alginate. This
variance should have been due to differences between the
interaction of the drugs with the nanocarriers. DOX
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Fig. 6 Drug (DOX and melittin) release from alginate and oligopeptide–alginate nanoparticles at pH 5.5 and 7.4

Table 2 The comparison of drug
loading and release (24 h, PBS)
between alginate and
oligopeptide–alginate
nanoparticles

Carrier

DOX
Loading

Melittin
Release

Loading

pH 5.5

pH 7.0

Release
pH 5.5

pH 7.0

Alginate nanoparticle

93 (0.96)

63

60

75 (0.52)

59

58

Oligopeptide–alginate nanoparticle

96 (1.05)

65

53

98 (1.22)

52

46

Numerical values indicate efﬁciency (%). Numerical values in brackets are described by the unit of mg/mg
carrier

loading happens mainly by interaction between the carboxylic group on the alginate structure and the amine
group on DOX; thus, the difference between alginate and
oligopeptide–alginate is less. In contrast, the oligopeptideside chain in alginate induces a hydrogen bonding interaction with the peptide groups in the melittin structure, but
the alginate backbone does not cause such a speciﬁc
interaction with melittin.
To evaluate the in vitro drug release efﬁciencies of
alginate and oligopeptide–alginate nanoparticles, the
release of drugs from drug-loaded nanoparticles was
investigated in PBS solutions at pH 5.5 and 7.4 to mimic a
tumor environment and the physiological pH in body ﬂuid,
respectively [29]. As seen in Fig. 6, drug release increased
as the initial time increased to 10 h and reached constant
values at longer times. The saturated constant release

efﬁciency after 24 h is listed in Table 2, along with theloading efﬁciency. It should be noted that the efﬁciencies
of both carriers and drugs were higher at pH 5.5 than at
pH 7.4, and especially, the difference between the
efﬁciency at pH 5.5 and 7.4 for both drugs was larger for
oligopeptide–alginate nanoparticles than for alginate
nanoparticles. These results indicate the preferable adaptability of oligopeptide–alginate nanoparticles as drug
delivery carriers over alginate nanoparticles. However, the
melittin release from oligopeptide–alginate nanoparticles
was less than that from alginate nanoparticles and the DOX
release from oligopeptide–alginate nanoparticles. It can be
suggested that there is an interaction (perhaps hydrogen
bonding) between the peptides in melittin and the oligopeptides in oligopeptide–alginate, resulting in less melittin
released from the oligopeptide–alginate nanoparticles.

Oligopeptide-side chained alginate nanocarrier for melittin-targeted chemotherapy

Cell viability of drug-loaded alginate and
oligopeptide–alginate nanoparticles
The cytotoxicities of free DOX and DOX-loaded
oligopeptide–alginate nanoparticles toward the Caco-2 cell
line are shown in Fig. 7a. The results reveal that approximately 50% of cells were killed under only 0.4 μM of DOX,
which is close to the effective IC50 value of this chemotherapy drug for treating gastrointestinal cells. However,
using the oligopeptide–alginate as a carrier did not enhance
the drug performance. In contrast, the results of cell viability
after treatment with free melittin and the melittin-loaded
oligopeptide–alginate carrier showed a signiﬁcant difference.
As seen in Fig. 7b, the oligopeptide–alginate carrier caused
almost no damage to the Caco-2 cells, and more than 80% of
cells survived under the dose of 2.5 μM free melittin. When
an identical amount of melittin was loaded onto the
oligopeptide–alginate, the hybrid nanoparticle system killed
80% of Caco-2 cells. When the concentration of melittin was
increased to 5 μM, the cells were completely destroyed by
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both free melittin and melittin-loaded oligopeptide–alginate.
The preliminary results suggest that the oligopeptide–alginate
could decrease the IC50 value of melittin for Caco-2 cells,
potentially making melittin loaded onto oligopeptide–alginate
more effective in clinical cancer therapy.
Although the mechanism by which the alginate carrier
assists the in vitro performance of the peptide drug is not
established, we can speculate that the binding afﬁnity
between melittin and the oligopeptide–alginate is crucial.
The driving force behind DOX (chemical drug) loading
onto the oligopeptide–alginate nanoparticles is mainly
physical adsorption, but melittin (peptide drug) may be
adsorbed by the oligopeptide-side chains through more
speciﬁc interactions (e.g., hydrogen bonding). Therefore,
the cellular uptake efﬁciency and biodistribution of melittin
could be increased by using the oligopeptide–alginate
nanoparticles as the drug carrier.

Conclusions
A melittin-targeting drug carrier, which possesses an oligopeptide side chain, was synthesized by the amidation reaction
of sodium alginate with oligopeptide at different oligopeptide:
alginate ratios. Alginate and oligopeptide–alginate nanoparticles were prepared by the addition of CaCl2. The introduction of an oligopeptide side chain onto alginate had a
beneﬁcial effect on the size control of nanoparticles—the
average size of the alginate nanoparticles decreased by
approximately 1/4 after 10% substitution with the carboxylate
moiety in alginate onto the oligopeptide, indicating interaction
between oligopeptides. The hydrogen bonding interaction
ability may affect the interaction with melittin, which is
essentially an amphiphilic peptide. In fact, the melittin loading
was superior in oligopeptide–alginate nanoparticles to that in
alginate nanoparticles, in contrast to the similar DOX loading
on both nanoparticles. Moreover, the viability examination
also showed the excellent effectiveness of melittin-loaded
oligopeptide–alginate nanoparticles in comparison with free
melittin. This investigation demonstrates the advantage of
oligopeptide–alginate nanoparticles as a melittin carrier and
the possibility of their usage as a carrier for peptidebased drugs.
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