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Co-delivery of D-(KLAKLAK)2 peptide and
doxorubicin using a pH-sensitive nanocarrier
for synergistic anticancer treatment†
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Currently, one of the most important challenges in the development of nanotechnology-based

anticancer treatments is the failure of nanoparticles to escape from the endo-lysosomal compartment

and the resulting elimination of endocytosed nanoparticles via the exocytosis pathway without drug

release. A pH-sensitive nanoparticle composed of poly(ethylene glycol)–poly(L-lysine)(-grafted 2,3 dimethyl

maleic anhydride)–poly(lactic acid) triblock copolymer (PEG–PLL(-g-DMA)–PLA) with a pro-apoptotic

peptide (D-(KLAKLAK)2) and an anticancer drug doxorubicin (Dox) (DTM(Pep, Dox)) was prepared and

evaluated for its antiproliferative activity against tumor cells. Due to the membrane-lytic ability of the

peptide and the ‘‘proton sponge’’ effect of the pH-sensitive nanocarrier, DTM(Pep, Dox) accelerated the

disruption of the endo-lysosomal membrane and displayed enhanced anticancer activities, arising from

strong synergism, under in vitro and in vivo conditions. The prepared formulations are anticipated to be of

potential use in nanotechnology-based combination therapy and it is believed that this novel formulation

will have new applications in advanced tumor therapy.

Introduction

Despite the rapid advances in therapy, cancer remains one of
the most common causes of death worldwide. Chemotherapy is
one of the standard treatments for cancer, and its effectiveness
is dependent on the location, type, and stage of the cancer, in
addition to individual variations. In comparison with other
treatments, such as surgery and radiation therapy, chemotherapy
works systemically to kill metastasized cancer cells; however,
as single chemotherapeutic regimens remain unsatisfactory,
combination drug therapy has emerged as a standard clinical

practice for the treatment of many types of cancer. These
multidrug regimens are usually designed to operate synergistically,
overcome treatment resistance, and minimize side effects.1,2 To
achieve this, nanotechnology-based combination drug therapy has
been extensively studied for anticancer chemotherapy, and recent
studies have demonstrated the advantages of nanoparticles in the
treatment of cancer.3–5

Recently, biopharmaceuticals, drugs modified with genes,
proteins, and peptides have received much attention and have
even entered the market. Some have become ‘‘blockbusters’’
and, as a whole, these kind of drugs are believed to offer great
potential for future anticancer therapies and are expected to
play an important role in drug development.6–9 Among these,
the 14-amino acid amphipathic peptide D-(KLAKLAK)2 has been
investigated at length. The peptide has an a-helical structure
and induces mitochondria-dependent apoptosis.10,11 In addition,
it has been reported that D-(KLAKLAK)2 could promote the
destabilization of negatively charged cytoplasmic membranes,
such as the endo-lysosomal compartment, which is highly
relevant for cancer therapeutic applications.12–14 However, the
peptide itself cannot penetrate the cell membrane owing to its
relatively large size and high polarity.15 To overcome the low
efficiency of cellular uptake, the development of hydrophobi-
cally modified peptides for nanoscale self-assembly or nano-
particles formulated with this peptide has been described.16–18
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It is critical that nanotechnology-based drug delivery systems for
cancer therapy can escape from the endo-lysosomal compartment
and avoid the elimination of endocytosed nanoparticles via the
exocytosis pathway without drug release. Thus, strategies for the
disruption of the endo-lysosomal compartment have been utilized
to optimize the therapeutic efficacy of nanomedicines.19–21 In
this study, a D-(KLAKLAK)2 peptide/doxorubicin (Dox) co-loaded
pH-sensitive nanocarriers have been introduced for delivery of
both drugs to the tumor site and increased therapeutic efficacy
by accelerating the endo-lysosomal escape. A pH-sensitive nano-
carrier composed of poly(ethylene glycol)–poly(L-lysine)(-grafted
2,3 dimethyl maleic anhydride)–poly(lactic acid) triblock copolymer
(PEG–PLL(-g-DMA)–PLA) was utilized to formulate the pro-apoptotic
peptide, which was generated by electrostatic interactions between
the anionic PLL(-g-DMA) and the cationic D-(KLAKLAK)2 (Fig. 1).
Under acidic conditions, the amide bond between DMA and PLL
was cleaved and the amine residues in PLL were exposed, resulting
in the destabilization of the endo-lysosomal membrane due to
the proton sponge effect. The formulated peptide, which was
also released in the acidic compartment owing to the pH-sensitive
property of nanoparticles, subsequently interacted with the
negatively charged mitochondrial membrane.22–25 Although it
was not established when and how the internalized lytic peptides
escaped the endo-lysosomal compartment and reached the mito-
chondrial membrane, many researchers have clearly demonstrated
the successfully delivery of endocytosed cationic peptides to the
mitochondria, and the activation of the mitochondria-dependent
apoptosis pathway.10,11,26 Therefore, given the previous reports
that the D-(KLAKLAK)2 peptide could help to destabilize the
endo-lysosomal membrane,12–14 the prepared formulation, which
has pH-sensitive properties, would be expected to produce faster
disruption of the endo-lysosomal membrane. As the failure to
escape from the endo-lysosomal compartment and the subsequent
elimination of endocytosed nanoparticles via the exocytosis
pathway without drug release is one of the biggest challenges

in cancer therapy, the prepared formulations are anticipated to
be of potential use in combination therapies to maximize the
anticancer activity. In this study, to evaluate the therapeutic
potential of the prepared formulation, Dox was used as a model
anticancer drug and loaded into the core of the nanocarrier;
subsequently, the anticancer efficacy of D-(KLAKLAK)2 peptide/Dox
co-loaded nanoparticles was investigated in in vitro and in vivo.

Experimental section
Materials

Doxorubicin–HCl was purchased from Boryung Co. (Seoul,
Korea). The pro-apoptotic D-(KLAKLAK)2 and FITC-labeled D-(KLAK-
LAK)2 peptides were purchased from PepTron Inc. (Daejeon,
Korea). The Dead Cell Apoptosis Kit, Caspase-3/7 Green Detection
Reagent, and LysoTracker Red were purchased from Invitrogen
(Carlsbad, California, USA). All other chemicals were of analytical
grade. For cell culture, human cervical cancer KB cells were
obtained from the Korean Cell Line Bank (KCLB, Seoul, South
Korea). RPMI 1640 medium, fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Welgene (Seoul, South
Korea). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Molecular Technologies (Tokyo, Japan).

Methods

Preparation of pH-sensitive PEG–PLL(-g-DMA)–PLA and
drug-loaded PEG–PLL(-g-DMA)–PLA micelles. In a previous
study, we investigated the feasibility of PEG–PLL–PLA triblock
copolymer for drug delivery and PEG–PLL(-g-Ce6, DMA)–PLA as
a pH-sensitive photo dynamic therapeutic agent for anticancer
treatment.24,27 Herein, we describe the preparation a pH-sensitive
PEG–PLL(-g-DMA)–PLA triblock copolymer. DMA was chosen as a
pH-sensitive moiety and grafted to the lysine residue in PEG–PLL–
PLA. The number of monomers of repeating units in each, PEG,

Fig. 1 Schematic representation depicting the main concept of Dox/peptide combination therapy.
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PLL, and PLA, was 114, 25, and 55, respectively, and the conjuga-
tion ratio of DMA was 80%, as determined by the comparison of
the peak intensity ratio of CH3 (d 1.8) of DMA and the a-CH (d 4.2)
of PLL by 1H NMR spectroscopy in DMSO-d6. The molecular
weight of the PEG–PLL(-g-DMA)–PLA final triblock copolymer
was approximately 10 kDa. Micelles based on the PEG–PLL(-g-
DMA)–PLA polymer were prepared by the membrane dialysis
method. For blank micelles (DMA-conjugated triblock micelles;
DTM), the polymer (10 mg) was dissolved in 2 mL DMF. The DMF
solution was added dropwise into an aqueous solution with
vigorously stirring and the solution was transferred into a dialysis
bag (MWCO 3500) and dialyzed against phosphate buffer (pH 7.4,
0.1�) for 24 h. To prepare Dox-loaded micelles, Dox–HCl (2 mg)
and 4 molar equivalents of TEA were dissolved in DMF (2 mL) and
stirred for 3 h. Deprotonated Dox and the polymer (10 mg) were
mixed in DMF and added to the aqueous solution under vigorous
stirring. The dark red solution was transferred into a dialysis bag
(MWCO 3500) and dialyzed against phosphate buffer (pH 7.4,
0.1�) for 24 h. For the pro-apoptotic peptide formulation, the
blank micelles or Dox-loaded micelles were mixed with the peptide
at different polymer : peptide weight ratios in phosphate buffer
(pH 7.4, 0.1�) and were vortexed immediately. After incubation for
30 min, the peptide formulated micelle system (DTM(Pep)) and
peptide/Dox co-formulated micelle system (DTM(Pep, Dox)) were
characterized.

Particle size and zeta potential measurement using dynamic
light scattering. The effective hydrodynamic diameters and zeta
potentials of the prepared nanoparticles were measured by photon
correlation spectroscopy using a Zetasizer Nano-ZS instrument
(Malvern Instruments, Worcestershire, UK) equipped with the
multi-angle sizing option (BI-MAS). Software provided by the
manufacturer was used to calculate the particle sizes and
the polydistribution index (PDI). For the characterization of nano-
particles at different pH conditions, each micelle was exposed to a
specific condition (0.1� phosphate buffer, pH 5.5–8.5) for 3 h
before measurement. The average particle size and zeta potential
values were calculated from three measurements of each sample
(n = 3).

Field emission-scanning electron microscopy to determine
micelle morphology. To observe the morphologies of the pre-
pared nanoparticles, a dilute nanoparticle solution was placed
on a glass slide and dried in vacuo. The samples were coated with
Pt and imaged using field emission scanning electron micro-
scopy (FE-SEM; Sigma, Carl Zeiss Meditec AG, Jena, Germany).

In vitro drug cellular uptake study

The cellular uptake of the pro-apoptotic peptide (FITC-labeled
D-(KLAKLAK)2) and Dox was studied using flow cytometry and
confocal microscopy. For flow cytometry, KB cells were seeded
at a density of 4 � 105 cells per well onto 6-well plates. On the
following day, KB cells were exposed to free peptide or DTM(Pep)
in RPMI-1640 medium (5 mg mL�1 peptide) and incubated for
4 h. The cells were washed thrice with cold PBS, harvested, and
analyzed using a FACSCalibur flow cytometer and CellQuest Pro
software (BD Biosciences, San Diego, CA, USA).28 For fluorescence
imaging, KB cells were seeded at a density of 4� 105 cells per well

onto cover glasses in 6-well plates and then exposed to DTM(Dox),
DTM(Pep), or DTM(Pep, Dox) (all with 20 mg mL�1 peptide and
5 mg mL�1 Dox) for 6 h. The cells on the cover glass were washed
thrice with cold PBS, fixed with 4% formaldehyde for 15 min,
and incubated with DAPI for 5 min. The cells were observed using a
confocal microscope (LSM 510 Meta, Carl Zeiss, Germany).

Measurement of caspase-3/7 activity measurement

KB cells were seeded at a density of 5 � 104 cells per well
onto 24-well plates and exposed to free peptide or DTM(Pep)
(10 mg mL�1 peptide) for 24 h. After the cells were washed,
Caspase-3/7 Green ReadyProbest Reagent (R37111, Invitrogen)
was added to each well and incubated for 1 h. The stained cells
were observed using a Moticam Pro 205A camera coupled to a
computer with the Motic Images Plus 2.0 software (Richmond,
BC, Canada).

FITC-annexin V/PI double staining

The induction of apoptosis and necrosis by the pro-apoptotic
peptide was measured using the Dead Cell Apoptosis Kit. KB
cells were seeded in 6-well plates and incubated for 24 h.
The cells were then treated with free peptide or DTM(Pep)
(10 mg mL�1 peptide) for 24 h or 48 h, harvested, and double-
stained with FITC-annexin V and propidium iodide. Analyses
were performed using a FACSCalibur flow cytometer and CellQuest
Pro software. For easy analysis and comparison of DTM(Pep) and
free peptide, each section was simply divided as shown in Fig. 4b.

Endosomal staining study

To assess endosomal membrane disruption, KB cells were
seeded at a density of 4 � 105 cells per well onto cover glasses
in 6-well plates and exposed to DTM or DTM(Pep) (10 mg mL�1

peptide) for 24 h. The cells on the cover glass were washed
thrice with cold PBS, stained with LysoTracker Red DND-99 for
30 min, fixed with 4% formaldehyde for 15 min, and stained
with DAPI. The cells were observed using a confocal microscope
(LSM 510 Meta, Carl Zeiss, Germany).

Wound healing assay

For the evaluation of cell migration using an in vitro wound
healing assay, KB cells were seeded in 24-well plates and
incubated until the cells reached a confluence of B90%. The
cells were scratched with a pipette tip, washed with PBS, and
were treated with free peptide or DTM(Pep) for 4 h (10 mg mL�1

peptide). The cells were washed thrice with PBS and incubated
for 48 h. Images were captured immediately after scratching and
48 h later using an AE31 light microscope (Motic Hong Kong
Ltd, Kowloon Bay, Hong Kong) with Moticam Pro software.

In vitro anticancer activity

KB cells in RPMI growth medium were seeded on 96-well plates
at a density of 8 � 103 cells per well for 24 h prior to the cell
viability test. To determine the anticancer activity of the pro-
apoptotic peptide, DTM(Pep) nanoparticles at a 4 : 1 weight
complex ratio were prepared, added to the plates, and incubated
for 48 h. To determine the anticancer activity of the peptide/Dox
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combination system, DTM(Pep, Dox) formulations were pre-
pared with different Dox and peptide ratios and then added to
the cells for 48 h. The cells were washed with growth medium
and chemosensitivity was assessed using the CCK assay. Briefly,
90 mL fresh medium and 10 mL CCK solution were added to each
well, and the plate was incubated for a further 2 h. The absorbance
of each well was determined using a Flexstation 3 microplate reader
(Molecular Devices, Sunnyvale, CA, USA) at a wavelength of
450 nm. The CI-fraction affected plots for the combined effects
under different conditions were generated using Compusyn
software (ComboSyn Inc., Paramus, NJ, USA).

Animal care

In vivo studies were performed using 4–6-week-old female nude
mice (BALB/c, nu/nu mice, Institute of Medical Science, Japan).
The mice were maintained in accordance with the protocol
approved by the Institutional Animal Care and Use Committee
(IACUC) of Chung-Ang University, Korea. All experiments were
performed in compliance with the relevant laws and institutional
guidelines (Animal Protection Law in Korea, Chung-Ang IACUC
guidelines ‘‘Principles of laboratory animal care’’).

In vivo fluorescence imaging

For in vivo animal imaging, a pellet of 1 � 107 KB tumor was
subcutaneously injected into female nude mice. When the
tumor volume reached 150 mm3, fluorescently labeled DTM
(0.5 mg kg�1 Chlorin e6) or free Chlorin e6 (0.5 mg kg�1,
1 mg kg�1) was injected intravenously into tumor-bearing nude
mice through the tail vein. The FOBI in vivo fluorescence live
imaging system (IFLIS; NeoScience, Suwon, Korea) was used to
obtain live fluorescence images of the mice. At 24 h post-injection,
the mice were sacrificed, and the organs were excised and analyzed.

In vivo tumor inhibition

To examine the anticancer activity of the peptide/Dox combi-
nation system in vivo, a growth inhibition test was performed
on xenograft tumor models established by the subcutaneous
implantation of KB cells. When the tumor volume reached

150 mm3, mice were treated with normal saline, Free Dox,
DTM(Dox), DTM(Pep), and DTM(Pep, Dox). All formulations were
injected intravenously via the tail vein at a dose of 3 mg kg�1 Dox
and 12 mg kg�1 peptide; the subsequent change in tumor volume
was monitored over time. Tumor volume was calculated from the
formula (length� (width)2)/2. The body weight of each animal was
also measured. On day 14, the mice were sacrificed and the tumor
tissue was excised, fixed in 10% formalin, processed into paraffin,
and prepared as 5 mm sections. The sections were stained with
hematoxylin and eosin (H&E) and examined using a model AE31
light microscope with Moticam Pro software.

Hemolysis test

A hemolysis test was conducted to indirectly evaluate the bio-
compatibility using the red blood cell (RBC). Blood obtained
from SD rats by cardiac puncture was collected in EDTA-containing
tubes. The blood was centrifuged at 1500g for 15 min and the pellet
was washed three times using cold PBS (pH 7.4). The erythrocyte
solutions were incubated with DTM (1 mg mL�1) for 1 h at 37 1C in
a shaking water bath. The hemoglobin released from the erythro-
cytes was determined using a Flexstation 3 microplate reader at
541 nm. The 0% control value was that from a PBS-treated intact
erythrocyte solution and complete hemolysis was performed using
2% Triton X-100, resulting in the 100% control value.

Results and discussion
Characterization of pH-sensitive triblock copolymer micelles

Recently, biodegradable and environment responsive polymeric
carriers are extensively investigated in cancer treatment.29–32 In
a previous study, we reported the feasibility of PEG–PLL(-g-Ce6,
DMA)–PLA triblock copolymer as a pH-sensitive nanocarrier for
photo dynamic therapy.24 In this study, the PEG–PLL(-g-DMA)–
PLA triblock copolymer-based micelle system was prepared to
formulate a positively charged peptide encapsulating hydro-
phobic drugs (Fig. 1). As one of the most widely used pH-sensitive
linkages in drug delivery applications, the DMA moiety was
conjugated to the PEG–PLL–PLA triblock copolymer, to form DTM,

Fig. 2 (a) Overall scheme for the synthesis of PEG-b-PLL(-g-DMA)-b-PLA and its validation by 1H NMR. Characterization of DTM (DMA conjugated
triblock micelle). (b) Change in particle size and zeta potential of DTM at different pH (n = 3). (c) FE-SEM imaging and particle distribution of DTM.
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a DMA-conjugated triblock micelle (Fig. 2(a)). Thus, under physio-
logical conditions, the zeta potential of DTM will be influenced by
the carboxyl group of the DMA-conjugated residue, which results
in negatively charged nanoparticles. The amide bond between
DMA and the lysine residue will be cleaved in response to a
decrease in the pH of buffer, and consequently regenerate the
positive charge.22,23 The prepared DTM is expected to have charge-
reversible properties due to the DMA moiety in the micelle
structure; thus, the pH-dependent behaviors, such as surface
charges and particle size, are presented in Fig. 2(b). Over the pH
range tested, the particle size of DTM was not significantly
different, and remained between 80 and 100 nm. At pH 7.4 and
8.5, the zeta potential of DTM was negative, mainly demonstrating
the conjugation of DMA linkages to PLL. Thus, the positively
charged pro-apoptotic peptide will bind to negatively charged
DTM via electrostatic interactions, as well as hydrogen bonding.
Conversely, in acidic conditions, the zeta potential of DTM was
positive owing to the cleavage of the amide bond between lysine
and DMA; this ensured release of the complexed peptide from
DTM in endo-lysosomal acidic conditions. The morphology of
DTM at pH 7.4, obtained by FE-SEM, revealed regular spherical
particles with a narrow size distribution (Fig. 2(c)).

In vitro characterization of DTM(Pep)

The surface charge of nanoparticles plays an important role in
charged drug complexation. DTM(Pep), composed of oppositely
charged PEG–PLL(-g-DMA)–PLA micelles and D-(KLAKLAK)2,
was prepared by electrostatic interactions and hydrogen bonding,
and the particle size and zeta potential of the DTM(Pep)
formulations prepared with different weight ratios are pre-
sented in Fig. 3(a). When DTM(Pep) was prepared at a 128 : 1
complex ratio (DTM : peptide), the average particle size was
approximately 100 nm, with a low PDI value and a zeta potential
of approximately �16 mV. As the amount of added peptide
increased, the zeta potential values increased dramatically to

more than�2 at a 1-complex ratio, demonstrating the complexation
of the peptide to negatively charged micelles. However, the particle
size and PDI value of DTM(Pep) did not change over the whole
range of complex ratios tested. In general, when gene materials or
charged polymers are complexed with oppositely charged polymeric
micelles, the particle size and PDI value of complex system may be
changed depending on the complex ratio, owing to the increased
hydrophobicity.33,34 However, when the D-(KLAKLAK)2 peptide was
complexed with DTM, there were no major changes in particle size
and PDI values, even with the neutral surface charge of complex
ranges; this was attributable to the high stability of pegylated
DTM.35,36 Although the polycationic D-(KLAKLAK)2 peptides were
attached to the surface of the cell membrane via electrostatic
interaction, it is difficult for the peptides to penetrate into the cell
compartment due to its polarity. However, it is suggested that when
the peptide is complexed with DTM, the peptide enters the cancer
cells via the endocytosis pathway, allowing the initiation of the cell-
apoptosis pathway through attack of the mitochondrial membrane.
Thus, the effects of micelle–peptide complexation on the cellular
uptake of peptide in KB cells were measured. As shown in Fig. 3(b),
the mean fluorescence intensity of peptide was approximately 26.2,
but increased to 73.5, demonstrating a notable enhancement in
cellular uptake after complexation. This clearly demonstrated that
the peptide was complexed with nanoparticles and that the com-
plexed system could enter the cells via the endocytosis pathway. In
addition, as shown in Fig. 3(c), DTM(Pep) achieved much stronger
anticancer activity against KB cells than the free peptide. Thus, the
cellular uptake of the peptide was enhanced by DTM and this
improved anticancer efficacy. In the study of apoptosis and necrosis,
when cells were exposed to the test compounds, only the DTM(Pep)
group displayed a high intensity of green fluorescence, indicating
the greater induction of apoptosis (Fig. 4(a)). When flow cytometry
was used to quantify apoptosis and necrosis in KB cells, the number
of apoptotic cells and late apoptotic–necrotic cells induced by
DTM(Pep) treatment was much higher than that induced by the

Fig. 3 Characterization of DTM/peptide complex system. (a) Particle size and zeta potential of DTM/peptide complex at different complex ratio (w/w).
(b) Quantification of cellular uptake of FITC-labeled peptide by fluorescence-activated cell sorting (FACS). (c) Cell viability of KB cell populations treated
with DTM(Pep) or free peptide.
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free peptide (Fig. 4(b)). These results indicated that the complexed
peptide could successfully enter the cells via the endocytosis path-
way and was delivered to the mitochondria to induce multiple cell
death pathways in KB cells. One of the biggest challenges of
nanoparticles in cancer treatment is failure to escape from endo-
lysosomal compartment. However, as shown in Fig. 4(a) and (b), we
concluded that the endocytosed peptide successfully escaped from
the endo-lysosomal compartment and was delivered to mitochon-
dria through the disruption of the endo-lysosomal membrane in KB
cells. To clarify that endo-lysosomal membrane lysis was occurring
by DTM(Pep), the cells were treated with the test samples and
stained by LysoTracker dye (Fig. 5(a)). When the cells were not
treated, endosomal compartments were stained strongly with the
fluorescence dye; in contrast, the DTM(Pep) treated cells were
stained with a very low intensity of dye. These results indicated that
lysis of the endo-lysosomal membrane occurs in response to DTM
peptide, which may be related to the synergistic reaction of the
proton-sponge effect by the pH-sensitive polymeric micelles and the

disruption of the lipid membrane by the peptide.12–14 Tumor
metastasis is the main cause of cancer-related mortality and
remains the main obstacle to successful anticancer therapy. It
was reported that the induction of apoptosis and necrosis in
cancer cell played a crucial role in the inhibition of metastasis.
In this study, we evaluated the extent to which DTM(Pep)
inhibited cell migration. As shown in Fig. 5(b), after treatment
of DTM(Pep) (peptide = 5 mg mL�1), the scratch remained,
whereas the cells in the control group were almost healed.
These results indicated that DTM(Pep) induced apoptosis and
necrosis, which may be related to the inhibition of cell migration
in KB cells.

Preparation and characterization of DTM(Pep, Dox)

We confirmed that the complexed peptide could successfully
enter the cells via the endocytosis pathway and could be
delivered to mitochondria, causing the subsequent induction
of the apoptosis pathway in KB cells. In particular, lysis of the

Fig. 4 In vitro characterization of free peptide and DTM(Pep). (a) Effect of peptide on caspase 3/7 activity in KB cells. (b) Flow cytometric analysis of time-
dependent apoptosis and necrosis in KB cells using annexin V FITC and propidium iodide double staining.

Fig. 5 (a) Optical and fluorescence images of KB cells treated with DTM or DTM(Pep). (b) Wound healing assay to evaluate the migration of KB cells
treated with DTM(Pep).
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endo-lysosomal membrane was accelerated by the complexed
peptide in KB cells when the DTM(Pep) was endocytosed. As the
endosomal escape of anticancer agents into the cytosol is a
time-consuming step in nanoparticle-based anticancer treatment,
the membrane disruption by DTM(Pep) could maximize the
anticancer activity of co-formulated anticancer drugs. Thus, to
take advantage of the membrane lysis ability, Dox, a model
anticancer drug, was also formulated into DTM, to form two
drugs in one micelle system, (DTM(Pep, Dox)). To optimize the
drug combination, DTM(Pep, Dox) was prepared with different
loading ratios and their characteristics are shown in Table 1.
The Dox loading content was calculated from DTM(Dox) for-
mulation. When the peptide was complexed with DTM(Dox), the
particle size and PDI values were not significantly changed in
DTM(Pep/Dox, 4 : 1) and DTM(Pep/Dox, 8 : 1), but zeta potential
values increased dramatically, demonstrating the complexation
of the free peptide to the negatively charged DTM(Dox).
However, when the peptide was complexed with DTM(Dox) at
16 : 1 (peptide/Dox) loading ratio, the particle size was significantly
increased, and the surface charge of nanoparticles became slightly
positive. The weight complex ratio between DTM and peptide in
DTM(Pep/Dox, 16 : 1) formulation was 0.57 (w/w). These results
indicated that the prepared DTM(Pep/Dox, 16 : 1) became more
hydrophobic than other formulation, and it led to the increase in
particle size. The in vitro drug release profile from DTM(Dox) or
DTM(Pep, Dox) in different pH conditions were investigated using
a previously described method.37,38 Dox was slowly released from
DTM (Dox) or DTM(Pep, Dox) over a period of 48 h in a controlled
and sustained manner. The Dox was loaded into the core of
nanoparticles via hydrophobic interaction, thus we expected that
the DTM(Dox) would be stable enough to protect the drug release
from acidic environment, which could lead to similar drug release
profile regardless of the pH conditions. In Fig. S1 (ESI†), the dox
release from DTM(Dox) or DTM(Pep, Dox) at acidic conditions
were slightly faster than that of nanoparticles at normal pH
condition, but there were no statistics differences.

In vitro evaluation of DTM(Pep, Dox)

The uptake of the FITC-labeled peptide and Dox-loaded micelles
was visualized by confocal laser microscopy (Fig. 6(a)). When
DTM(Dox) and DTM(Pep) was treated to KB cells, strong red and
green fluorescence intensity was observed, respectively. When
the cells were treated with DTM(Pep, Dox), the red and green
fluorescence intensity overlapped, indicating the successful
cellular uptake of the drug-loaded particles into KB cells. The
in vitro anticancer activity of DTM(Dox) and DTM(Pep, Dox),
prepared with different drug loading ratios, in KB cells was

evaluated by a cell viability test (Fig. 6(b)). Compared with the
DTM(Dox)-treated group, all DTM(Pep, Dox) groups exhibited
enhanced anticancer activity due to the co-formulated peptide
in the micelles. The IC50 values for KB cells treated with the
prepared formulation are presented in Table S1 (ESI†). To
evaluate the efficacy of combination treatment, combination
index/affected factors (CI/Fa) plots for combinations of the
peptide and Dox in DTM were generated and are shown in
Fig. 6(c).5,39 When cells were treated with DTM(Pep, Dox), the CI
values were much lower than 1 for the 4 : 1, 8 : 1, and 16 : 1 drug
combination ratios, which clearly demonstrated the synergistic
effect of the peptide and Dox in a single micelle system.
We expected the formulated peptide to be released in the
endo-lysosomal compartment, accelerating the lipid membrane
disruption and inducing apoptosis, and demonstrated that the
endo-lysosomal compartment was disrupted and the apoptosis
signaling pathway was activated by the formulated peptide.
Thus, the observed synergism in the peptide/Dox combination
treatment was related to the escape of the endo-lysosomal
compartment by the drug-loaded nanoparticles. When com-
paring the different drug combination ratios of Dox and peptide
in anticancer treatments, the CI values of DTM(Pep, Dox; 4 : 1)
were slightly lower than those of the 8 : 1 and 16 : 1 formulations,
which may be attributable to the tight complexation of the
peptide to the DTM micelles. From these results, we concluded
that the DTM(Pep, Dox; 4 : 1) was the best formulation for the
improvement of the anticancer efficacy in the peptide/Dox
combination study, and it may have considerable potential for
in vivo use. Although the DTM(Pep, Dox; 4 : 1) system showed
good anticancer activities in in vitro conditions, the cellular condi-
tions in vivo are much more complex; therefore, we examined the
therapeutic efficacy of DTM(Pep, Dox; 4 : 1) in a tumor-bearing
animal model.

In vivo evaluation of DTM(Pep, Dox)

A pH-sensitive DTM(Pep, Dox) system composed of Dox and
peptide co-loaded PEG–PLL(-g-DMA)–PLA was designed with
the assumption that the DTM will circulate in the blood for a
long time, escaping the immune system owing to the charge-
reversible property and the pegylation. As in our previous study,
the fluorescence dye Chlorin e6 was conjugated to DTM and the
distribution of particles was evaluated under in vivo conditions.24

As shown in Fig. 7(a), the fluorescence intensity at the tumor site
was very high, demonstrating that the DTM had tumor-targeting
ability due to the enhanced permeability and retention (EPR)
effect. At 24 h post injection, the tumor and main organs (the
kidney, spleen, heart, lung, and liver) were excised and analyzed

Table 1 Characterization of peptide/Dox loaded micelles

Polymer Sizea (nm) Zeta potentiala (mV) PDI Dox loading contentb (%)

DTM(Dox) 96.1 � 2.0 �13 � 2.7 0.23 � 0.04 9.8
DTM(Pep/Dox, 4 : 1) 102.8 � 2.2 �2.5 � 0.6 0.22 � 0.03
DTM(Pep/Dox, 8 : 1) 117.5 � 14.0 �1.4 � 0.1 0.22 � 0.05
DTM(Pep/Dox 16 : 1) 149 � 2.6 0.6 � 0.5 0.28 � 0.01

a Size and zeta potential was measured using DLS equipment. b Loading content = (weight of drugs in micelles)/(weight of micelles) � 100%.
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Fig. 7 (a) In vivo non-invasive fluorescent imaging of fluorescence labeled DTM injected intravenously into KB tumor-bearing nude mice. (b) In vivo
anticancer efficacy and (c) body weight changes in KB tumor-bearing nude mice after intravenous administration of saline, free Dox, DTM(Dox),
DTM(Pep) and DTM(Pep, Dox). (d) Optical images of tumor-bearing mice at day 0 and day 14 and H&E staining for excised tumor tissues (magnification
100�).

Fig. 6 (a) Optical and fluorescence images of KB cells treated with each sample. (b) Cell viability of KB cell populations treated with each sample. (c) Plot
of CI values for combination therapy at different peptide/Dox mixing ratio.
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by ex vivo fluorescence imaging. As expected, the accumulation of
DTM at the tumor site was significantly higher than that in other
organs due to the EPR effect. The free Ce6 exhibited low
fluorescence intensity at the tumor site (Fig. S3, ESI†). Finally,
we assessed the combined antitumor activity of the peptide
and Dox in in vivo conditions. KB tumor-bearing nude mice
were treated with saline, free dox, DTM(Pep), DTM(Dox), and
DTM(Pep, Dox), and the tumor sizes were monitored for 18 days
(Fig. 7(b)). Treatment with free Dox or DTM(Pep) inhibited tumor
growth, but not to an extent comparable with the other samples.
DTM(Dox) and DTM(Pep, Dox) markedly inhibited the growth of
KB tumors; in particular, the tumor volume in nude mice treated
with DTM(Pep, Dox) was 1.9-fold smaller than in those treated
with DTM(Dox), demonstrating a significant improvement in
anticancer activity from the peptide/Dox combination therapy.
No dramatic changes in body weight were observed in any groups,
which suggested that no treatments induced systemic toxicity
(Fig. 7(c)). After 14 days, the tumors obtained from each treatment
group were analyzed histologically by H&E staining. As shown in
Fig. 7(d), the tumor tissue specimens from mice treated with
DTM(Pep, Dox) showed significantly lower damage than specimens
from other groups. No obvious pathological abnormalities or lesions
were observed in the saline group. As shown in Fig. 7(b), the tumor
growth rate was dramatically increased from day 13, which could be
delayed by multiple sample treatment. Thus, to maximize the group
differences in histological analysis, the mice were sacrificed and the
obtained tumor sections were stained with H&E at day 14. These
results were consistent with the in vitro results and indicated that
the DTM(Pep, Dox) system would function well in vivo and in vitro.
As shown in Fig. S2 (ESI†), the hemolytic activity of DTM was lower
than 3%, indicating the low toxicity with good biocompatibility
in vivo condition. Owing to the complexity of in vivo conditions, it is
difficult to clarify the Dox–peptide synergism in detail, but the
observed enhancement of anticancer activity in the DTM(Pep, Dox)-
treated group may be related to the accelerated release of Dox into
the cytosol by the disruption of the endo-lysosomal membrane in
the cell compartment. More precise and detailed analysis could be
required to maximize the therapeutic efficacy. Thus, in vivo tumor
inhibition study and pharmacokinetic analysis against multidrug–
resistance cancer cells are in progress to demonstrate the optimized
strong anticancer activity in various tumor model.

Conclusions

In this research, pro-apoptotic peptide and doxorubicin co-loaded
nanoparticles were prepared and evaluated for use as anticancer
agents. The proposed concepts related to DTM(Pep, Dox) are
presented in Fig. 1. The complexed peptide successfully entered
the cells via the endocytosis pathway and induced distinct cell death
pathways in KB cells. Specifically, endo-lysosomal membrane lysis,
which is the time-consuming step in nanoparticle-based anticancer
treatment, was accelerated by DTM(Pep). The anticancer model
drug Dox was loaded into the core of the nanocarrier and the
prepared DTM(Pep, Dox) showed improved anticancer activity with
strong synergism in in vitro and in vivo conditions. In particular,

given that the failure to escape from the endo-lysosomal com-
partment and the elimination of endocytosed nanoparticles via
the exocytosis pathway without drug release are two of the
biggest challenges in cancer treatment, the prepared formulations
are anticipated to be of potential use for combination therapies to
overcome multidrug resistance. We believe that this novel for-
mulation will have new applications in advanced tumor therapy.
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