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Targeting cancer cell-surface receptors is an attractive approach for cancer treatment and diagnosis. 
Peptides having high binding affinities to receptors overexpressed in cancer cells are useful because of their 
simple structure, low immunogenicity, and easy, cost-effective chemical synthesis. A number of peptide li-
gands have been developed for cancer cell-surface receptors and applied to nanoparticles with anticancer 
drugs, genes, small interfering RNAs (siRNAs), and molecular imaging agents. In particular, recent findings 
have revealed that peptide-modified PEGylated liposome-encapsulated drugs are effective in cancer-targeted 
therapy and cancer cell-specific imaging. This review discusses peptide-modified nanoparticles for drug 
delivery systems (DDS) and molecular imaging, focusing on peptide ligands for somatostatin receptors, inte-
grin, transferrin receptor, human epidermal growth factor 2 (HER2), etc. In addition, methods to improve 
binding affinity or endosomal escape with spacer peptides and stimuli (internal and external) are discussed.
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1. Introduction
The number of cancer patients has been increasing, owing 

to the aging of populations as a result of advances in medical 
technology. As treatment, surgical excision, chemotherapy, ra-
diation therapy, and hormone therapy are typically used alone 
or in combination depending on the type and stage of cancer. 
However, tumor cells have heterogenetic properties in terms 
of gene expression, morphology, proliferation, metabolic activ-
ity, metabolism, motility, and metastatic potential.1) Therefore, 
it is difficult to achieve sufficient therapeutic effects using the 
above treatments. Recently, molecularly targeted drugs inhib-
iting signaling pathways related to tumor cell growth and sur-
vival have been developed for clinical use.2) Targeted therapy 
is a new approach that enables selective cancer treatment.3,4)

For cancer targeting, a desired receptor is overexpressed 
in tumor cells or tumor-related blood vessels but not in nor-
mal cells.5) Many cell-surface receptors have been found in 
cancer cells, for example, integrin receptors as extracellular 
matrixadhesion molecules,6) epidermal growth factor recep-
tors (EGFRs) and human epidermal growth factor 2 (HER2) 
as tyrosine kinase receptors,7,8) somatostatin receptors as G-
protein-coupled receptors (GPCRs), and luteinizing hormone-
releasing hormone (LHRH) receptor as a hormone receptor.9) 
Selective ligands binding to these receptors have been devel-
oped based on the structure of chemotherapeutic molecules, 
carbohydrates, peptides, and antibodies.10–12) The applica-
tion of the ligands to anticancer drugs is a rational approach 
for drug delivery systems (DDS) by directly conjugating to 
small molecular drugs or formulating nanoparticle-encap-
sulated small molecular drugs, nucleic acids, peptides, and 
proteins.13,14) In addition, this approach is effective in molecu-
lar imaging that enables us to visualize tumor cells or their 

microenvironments in positron-emission tomography (PET), 
single photon-emission computed tomography (SPECT), mag-
netic resonance imaging (MRI), and optical imaging.14)

Among ligands, peptides obtained from endogenous protein 
sequences are relatively safe and show low immunogenicity, in 
addition to structural simplicity. Peptides are also much less 
costly compared with monoclonal antibodies that are large 
protein ligands,15) because peptides can be readily prepared on 
a large scale with progress in chemical synthesis methods.16) 
Therefore, peptides are expected to be effective, selective li-
gands for disease treatment.

Peptide-modified nanoparticles such as liposomes, poly-
meric micelles, and nanogels have attracted attention for 
cancer treatment and diagnosis.13,17) Nanoparticles (<200 nm) 
are nonspecifically leaked to tumor cells due to the enhanced 
permeability and retention (EPR) effect occurring with in-
creasing tumor vascular permeability.18–20) The modification 
of nanoparticles with peptide ligands enables their specific 
accumulation in target organs and tumor cells by receptor-
mediated uptake such as endocytosis.21,22) In addition, the 
physicochemical properties of their surface such as hydro-
phobicity and hydrophilicity also affect the biodistribution 
of nanoparticles. Nanoparticles with hydrophobic surfaces 
interact with blood components and are subsequently cleared 
by the reticuloendothelial system (RES).23) To avoid uptake 
by the RES and remain in the blood circulation, a hydro-
philic poly(ethylene glycol) (PEG) is generally modified 
for nanoparticles to provide steric stabilization effects, and 
several types of PEGylated nanoparticles are used as drug 
carriers and imaging probes.24,25) In addition, some peptides 
have antimicrobial or cell-penetrating activity. For intracel-
lular drug delivery, cell-penetrating peptides (CPPs) are useful 
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for translocating small and macromolecules inside cells.26) 
CPPs are short peptides obtained from synthetic peptide and 
membrane transduction domains, etc. The transactivator of 
transcription (TAT) protein of the human immunodeficiency 
virus (HIV) is known to bring various molecules into the cell 
cytoplasm nonspecifically.27,28) TAT-modified liposomes enable 
gene transfection more easily compared with the nonmodified 
lyposomes.29) Polyarginine 8 (R8) also shows cell-penetrating 
activity, and R8-modified liposomes can deliver small interfer-
ing RNA (siRNA) into lung cancer cell lines.30) In the absence 
of specificity for tumor cells, the combination of CPPs and 
tumor-specific ligands including peptides is effective in tar-
geted delivery.

Thus, there are many types of peptide ligand expected to be 
applied to cancer therapy. Here, the focus is on nanoparticles 
modified with peptide ligands for targeted delivery to cancer 
cells and their applications in DDS and imaging.

2. Peptides
Peptides are fragments of proteins but they can function as 

well as parent full-length proteins with the application of mo-
lecular design technologies. After the discovery of hormones, 
it was found that relatively short peptides had biological ac-
tivities similar to those of native hormones. Therefore, several 
drugs based on peptides were developed as lead compounds.31) 
In the discovery of tumor-related peptides, phage-display pep-
tide libraries greatly contributed to identifying effective se-
quences as ligands.32) In addition, the synthesis and modifica-
tion of peptides were made easier and simpler with advances 
in chemical synthesis, solid-phase synthesis, and chemical 
ligation technologies.33,34) Although the stability of peptides 
in vivo is a problem, incorporating unnatural amino acids 
such as D-amino acids or cyclic structures can prevent peptide 
degradation.35,36) Table 1 summarizes peptide ligands for drug 
delivery and molecular imaging.

2.1. Somatostatin Receptor-Targeted Peptides  Soma-
tostatin receptors (SSTRs) comprised of five subtypes 
(SSTR1–SSTR5) are transmembrane GPCRs37) and overex-

pressed in a variety of tumors such as gliomas, breast cancer, 
small cell lung cancer, and neuroendocrine tumors.38–40) Na-
tive somatostatin peptides derived from pre-pro-SST, SST-28, 
and SST-14 exhibit high affinity for SSTRs and are studied as 
attractive targeting agents for cancer therapy.41,42) However, 
the in vivo half-life of these peptides was very short due to 
enzymatic degradation. Therefore, somatostatin analogue pep-
tides such as octreotide (a cyclic octapeptide) that could resist 
enzymatic degradation were developed and applied clinically 
because of their high inhibitory activity against hormones 
including growth hormone, prolactin, thyroid-stimulating 
hormone (TSH), insulin, and glucagon.41) In addition, sev-
eral drug-conjugated or radiolabeled somatostatin analogues 
were developed using octreotide. As a drug-conjugated oc-
treotide, octreotide-conjugated paclitaxel (PTX) was used to 
target SSTR2 selectively and internalized in SSTR-expressing 
MCF-7 human breast cancer cells, followed by apoptosis.43) 
[111In-DTPA0]-octreotide (Octreoscan) was developed as the 
first radiolabeled somatostatin analogue and has been used 
for scintigraphy imaging in primary and metastatic neuroen-
docrine tumors.44) The other octreotide chelator conjugates, 
1,4,7,10-tetraazacyclodocecane-N,N′,N″,N‴-tetraacetic acid 
(DOTA)-d-Phe1-Tyr3-octreotide (DOTATOC) and DOTA-d-
Phe1-Tyr3-octreotate (DOTAT ATE), showed high affinity 
to SSTR2.45) In addition, the positron emitter 68Ga-labeled 
DOTATOC was developed as a PET probe and showed clear 
images of neuroendocrine tumors in PET/computed tomogra-
phy (CT).46) Octreotide-modified PEGylated liposome-encap-
sulated cantharidin was developed to decrease the systemic 
toxicity of cantharidin. It markedly inhibited the growth of 
MCF-7 cells and showed lower cytotoxic activity than free 
cantharidin.47) Zhang et al.48) synthesized octreotide–PEG–
distearoylphosphatidylethanolamine (DSPE) and developed 
doxorubicin (DOX)-loaded octreotide-modified PEGylated 
liposomes to facilitate the intracellular delivery of DOX. 
Compared with the control liposome, the octreotide-modified 
PEGylated liposome exhibited high toxicity to SSTR2-positive 
cells via receptor-mediated endocytosis.48) Abou et al.49) de-

Table 1. Peptide Ligands for Nanoparticle-Based DDS and Imaging

Peptide ligand Target receptor Target cancer cells Carrier Drug/imaging modality Refs.

Octreotide SSTR2 Breast Liposome Cantharidin/— 47)

Octreotide SSTR2 Lung Liposome DOX/fluorescence 48)

Octreotide SSTR2 Glioblastoma Liposome —/dual imaging (PET/MRI) 49)

RGD αvβ3 integrin Melanoma Liposome DOX/fluorescence 56)

cyclic RGD αvβ3 integrin Melanoma, breast, colon Liposome Matrine/— 57)

cyclic RGD αvβ3 integrin Colon Liposome DOX/fluorescence 58)

cyclic RGD αvβ3 integrin Glioblastoma QD —/dual imaging (PET/NIR fluorescenxce) 65)

ATN-161 α1β5 integrin Breast Liposome DOX/fluorescence 67)

T7 TFR Ovarian Liposome PTX/fluorescence 80)

T7/TAT TFR Glioma Liposome DOX/NIR fluorescenxce 81)

T7/TAT TFR Lung Liposome PTX/NIR fluorescenxce 82)

KCCYSL HER2 Breast Liposome DOX/— 91)

LTVSPWY HER2 Ovarian Magnetic nanoparticle —/MRI 93)

AHNP HER2 Breast Liposome DOX/— 95)

LHRL LHRH receptor Lung Polymer, dendrimer, liposome PTX/NIR fluorescenxce 101)

NGR Aminopeptidase N Fibrosarcoma Liposome siRNA and DOX/— 103)

NGR Aminopeptidase N Fibrosarcoma Micelle DTX/fluorescence 104)

NGR/heat activatable CPP Aminopeptidase N Fibrosarcoma Liposome DOX/fluorescence 105)

NGR Aminopeptidase N Glioma QD —/fluorescence 106)



620� Vol. 65, No. 7 (2017)Chem. Pharm. Bull.

veloped 89Zr- and gadolinium (Gd)-labeled PEGylated lipo-
somes modified with octreotide for PET/MRI dual-modality 
imaging. 89Zr is a positron emitter, and Gd is an MRI contrast 
medium. The 89Zr-Gd PEGylated liposomes modified with 
octreotide specifically recognized SSTR2 in vitro and in vivo, 
and PET/MRI exhibited clear images of SST2-expressing tu-
mors using the liposome.49) In addition, it was reported that 
several SST peptide analogues such as BIM-23926 for SSTR1, 
BIM-23197 for SSTR2, BIM-23268 for SSTR5, BIM-23244 
for SSTR2 and −5, and TT-232 for SSTR1 and −4 have anti-
tumor effects.50–52) These SST peptide analogues are expected 
to become cancer-targeting ligands for DDS and molecular 
imaging.

2.2. Integrin-Targeted Peptides  Integrins are trans-
membrane heterodimeric receptors that mediate cell adhesion 
in cell–cell and cell–matrix interactions.53) There are at least 
24 integrin αβ heterodimers formed by 18α subunits and 8β 
subunits.53) Among them, integrin αvβ3, αvβ5, and α5β1 are 
upregulated in tumor cells and associated with angiogenesis, 
tumor growth, and metastasis.54) Therefore, peptide ligands for 
integrins are promising agents for drug delivery and molecular 
imaging.

The tripeptide Arg-Gly-Asp (RGD) was reported as a ligand 
for αvβ3 integrin overexpressed in solid tumors.55) The RGD-
modified PEGylated liposome-encapsulated DOX enhanced 
drug accumulation in tumor cells by internalization through 
the integrin receptor-mediated endocytosis pathway and 
showed antitumor effects.56) To enhance the targeting efficacy, 
cyclic RGD-modified PEGylated liposomes were developed. 
Cyclic RGD peptides such as c(RGDfK), c(RGDfC), and 
RGD10 (DGARYCRGDCFDG) were more stable at neutral 
pH compared with the noncyclic RGD peptide and thus were 
able to resist proteolysis.36,57,58) In addition, they showed high 
affinity to αvβ3 integrin in human breast cancer Bcap-37, 
colon cancer HT29, and melanoma A375 cells.57,59) As imag-
ing agents, RGD-modified probes were reported, such as 
[18F] Galacto-RGD, [18F] Alfatide, [68Ga] NOTA-PRGD2, 99mTc-
HYNIC-3PEG4-E[c(RGDfK)2], and 64Cu-DOTA-QD-RGD. 
[18F] Galacto-RGD was the first RGD-modified PET tracer 
in clinical trials and allowed the visualization of tumors in 
vivo.60) Moreover, [18F] Galacto-RGD did not accumulate in 
the normal brain, unlike 18F-fluorodeoxyglucose (FDG), when 
used clinically as a PET tracer, suggesting that the RGD PET 
tracer can be applied to the imaging of glioma. [18F] Alfatide 
showed a higher tumor/background ratio in brain metasta-
ses compared with before the affinity was optimized.61) The 
metal complex of 68Ga and NOTA-PRGD2, which consists 
of a di-RGD peptide and the chelating moiety 1,4,7-triazacy-
clononane-N,N,N-triacetic acid (NOTA), was synthesized in 
a shorter time and under milder conditions compared with 
the 18F-labeling agent [18F] Galacto-RGD.62) Furthermore, the 
[68Ga] NOTA-PRGD2 showed clear images of lung lesions in 
PET/CT and was more advantageous than 18F-FDG in patients 
with lung cancer.62) The gamma emitter 99mTc-labeled HYNIC-
3PEG4-E[c(RGDfK)2] was also synthesized as a SPECT/CT 
probe, shows high binding affinity to integrin αvβ3, and is 
used as a pretreatment screening tool in breast cancer.63,64) 
64Cu-DOTA-QD-RGD is a dual-modality imaging probe, and 
the quantum dot (QD) surface was modified with about 90 
RGD peptides and DOTA chelators for integrin αvβ3-targeted 
PET/near-infrared (NIR) fluorescence imaging. In the U87MG 

tumor model, 64Cu-DOTA-QD-RGD exhibited specific bind-
ing to integrin αvβ3 and provided sufficiently clear tumor im-
ages in both PET and optical NIR imaging.65)

ATN-161 (Ac-Pro-His-Ser-Cys-Asn-NH2) is a non-RGD 
peptide that specifically recognizes integrin α5β1, with potent 
antitumor and antimetastatic activity.66) The ATN-161-modi-
fied PEGylated DOX liposome was obtained by coupling the 
surface of PEGylated DOX liposomes and the ATN-161 lysine 
analogue. Confocal microscopy imaging showed that the cel-
lular uptake of ATN-161-modified liposomes is mediated by 
integrin-mediated endocytosis. In both human umbilical vein 
endothelial cells (HUVECs) and breast cancer cells, ATN-
161-modified PEGylated DOX liposomes showed significant 
antitumor effects.67)

2.3. Transferrin Receptor-Targeted Peptides  Iron is 
an essential element for life, and intracellular iron is tightly 
regulated by iron homeostasis.68) Transferrin receptors (TFRs) 
1 and 2 are transmembrane glycoproteins. The receptors regu-
late the cellular uptake of the complex of iron and transferrin 
(TF, an iron-binding protein) and are associated with the cel-
lular process.69) Although the expression of TFR1 is low in 
many normal human tissues, it is increased in malignant cells 
including bladder-transitional cell carcinoma, breast cancer, 
glioma, lung adenocarcinoma, chronic lymphocytic leukemia, 
and non-Hodgkin’s lymphoma.70–74) In addition, it was re-
ported that the expression level of TFR1 correlates with tumor 
stage and progression.75)

The blood–brain barrier (BBB) regulates the transport of 
substances including anticancer drugs through tight junction 
and P-glycoprotein.76) Because of the high expression of TFR 
in the BBB, TF-conjugated liposomes mainly cross the BBB 
via receptor-mediated endocytosis. Dual-targeting DOX lipo-
somes conjugated with TF and folate showed antitumor effects 
in C6 glioma cells.77) Recently, photothermal and photody-
namic therapy (PTT/PDT) has been a focus of interest because 
of the anticancer effect produced by heat and singlet oxygen 
(1O2). In order to apply PTT/PDT therapy and molecular imag-
ing, IR780 (tricarbocyanine NIR dye)-loaded TF nanoparticles 
were developed. The nanoparticles showed a high tumor/
background ratio in CT26 colorectal cancer cell-bearing mice 
and significantly inhibited tumor growth.78) However, there 
are some doubts about those nanoparticles in terms of safety, 
production cost, and modification as a drug carrier since TF is 
a full-length protein.

Peptide T7 (HAIYPRH) was discovered using a phage-
display method and showed higher TFR binding activity 
compared with TF.79) TFR-targeted liposomes modified with 
T7-loaded PTX exhibited antitumor activity against A2780 
human ovarian cancer cells.80) To increase the cellular uptake, 
CPPs such as TAT peptide were conjugated to the surface of 
T7-modified liposomes81) and exhibited high efficacy through 
receptor/transporter-dependent and -independent pathways.82) 
The PDT probe TPETH-2T7, a red-emissive aggregation-
induced emission tetraphenylethenethiophene (TPETH) con-
jugated with T7 showed a fluorescence turn-on response in 
real-time imaging, and the PDT effect was superior when 
TPETH-2T7 was localized at the cell membrane of MDA-
MB-231 breast cancer cells.83) Recently, a hybrid peptide 
(THRPPMWSPVWPGGGKLLLKLLKKLLKLLKKK) in-
cluding a TF receptor-binding peptide and lytic peptide has 
been designed and shown to have cytotoxic activity and to 
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inhibit tumor progression.84)

2.4. HER2-Targeted Peptides  HER2 belongs to the 
EGF family of type 1 tyrosine kinase and is overexpressed 
in many cancers such as breast, ovarian, endometrial, gastric, 
pancreatic, and prostate cancers.85) In particular, HER2 is 
overexpressed in around 20–30% of breast cancers, and HER2 
status is considered to be a marker of poor prognosis.86)

As a HER2-targeted drug, trastuzumab, a recombinant 
monoclonal antibody that binds to the extracellular region 
of HER2, was developed and showed efficacy in metastatic 
HER2-positive breast cancer patients.87) In addition, higher 
therapeutic effects are achieved when trastuzumab is com-
bined other chemotherapy.88) Generally, immunonanoparticles 
are expected to increase tumor selectivity compared with 
unmodified anticancer agents. Therefore, anti-HER2 immu-
noliposome-functionalized trastuzumab was developed, and 
anti-HER2 immunoliposome-encapsulated anticancer agents 
such as DOX or PTX showed potent antitumor effects in 
HER2-overexpressing breast cancer cells.89) However, recom-
binant monoclonal antibodies are relatively costly due to their 
complicated production procedures including expression and 
purification. Recently, single-chain Fv fragments of trastu-
zumab have been applied to immunoliposomes, although the 
problems of cost and antigenicity remain.

On the other hand, peptide ligands can be produced cost-ef-
fectively and have low antigenicity. Therefore, HER2-specific 
peptide ligands have attracted attention recently. Karasseva 
et al.90) discovered the peptide KCCYSL using the phage-
display method and reported its binding activities to HER2-
positive human breast and prostate carcinoma cells. Bandekar 
et al.91) reported a pH-responsive PEGylated DOX liposome 
modified with KCCYSL. This liposome specifically binds to 
and internalizes in HER2-positive cells, and subsequently 
pH-tunable vesicles release DOX rapidly and extensively. In 
HER2-overexpressing BT474 breast cancer cell-bearing nude 
mice, this liposome inhibited tumor growth.91) The short pep-
tide LTVSPWY was also identified as a HER2-binding pep-
tide.92) As an MRI imaging probe, PEGylated chitosan-mod-
ified LTVSPWY (LTVSPWY-PEG-CS) was prepared using 
the solvent-diffusion method, and LTVSPWY-PEG-CS identi-
fied tumors rapidly and efficiently in in vivo experiments.93) 
Moreover, the peptide AHNP (FCDGFYACYADVGGG) was 
designed from a heavy-chain CDR3 loop of trastuzumab, and 

its HER2-specific affinity was reported.94) Zahmatkeshana 
et al.95) synthesized AHNP–PEG–DSPE with three glycine 
amino acids as a spacer and applied it to AHNP-modified 
PEGylated DOX liposomes. In HER2-positive TUBO tumor-
bearing mice, this liposome exhibited marked inhibition of 
tumor growth.95)

2.5. Others  As another target for chemotherapy, LHRH 
receptors are overexpressed in several cancers such as endo-
metrial, ovarian, prostate, breast, bladder, colorectal, and pan-
creatic cancers.96,97) Based on the native LHRH peptide, short 
LHRH peptide analogues were developed as tumor-specific 
ligands.98,99) LHRH peptide analogues linked to anticancer 
agents via ester bonds were also synthesized and improved 
the accumulation of the linked agents. As an example, a clini-
cal trial was conducted of the peptide [D-Lys6] LHRH linked 
to DOX (AEZS-108).100) However, the binding affinity of the 
peptide analogue may decrease because the anticancer drug 
directly conjugated to the peptide analogue interferes with 
the binding function of the peptide analogue. LHRH receptor-
targeting nanoparticles were then developed to overcome that 
drawback, and, for example, liposomes composed of DSPE–
PEG, DSPE–PEG–Cy5.5, DSPE–PEG–LHRH peptide, and 
PTX showed efficacy in cancer treatment and imaging.101)

Tripeptide Asn-Gly-Arg (NGR) is a ligand of aminopep-
tidase N (APN/CD13) that is overexpressed in tumor cells 
and angiogenic blood vessels.102) NGR-modified PEGylated 
liposomes efficiently delivered c-myc siRNA to the cytoplasm 
of HT1080 fibrosarcoma cells after intravenous injection. As 
a result, c-myc suppression and evoked cellular apoptosis 
were observed in the tumor.103) In addition, NGR-modified 
PEG-b-PLA polymeric micelles loaded with docetaxel was 
quantitatively accumulated in HT1080 fibrosarcoma cells and 
HUVECs and showed antitumor activity.104) A combination of 
NGR, thermosensitive liposomes, and DOX conjugated with 
CPP was developed and showed significant tumor growth 
inhibition in HT1080 fibrosarcoma cells.105) In addition, NGR 
peptide conjugated to imaging agents including fluorescent 
dyes, QDs, micelles, and liposomes has the potential to visual-
ize tumors. PEGylated CdSe/AnS QDs modified with NGR 
peptide specifically recognized CD31 and clearly showed 
glioma-associated vessels in a fluorescent imaging system.106)

Fig. 1. Schematic Representation of PEGylated Liposome Using Spacer for Displaying the Peptide Ligands Outside the PEG Layer
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3. Perspectives
To date, several peptide ligands have been developed and 

incorporated into nanoparticles for DDS and molecular im-
aging. Peptide-modified PEGylated liposome-encapsulated 
anticancer drugs have attracted particular attention in cancer-
targeted therapy, and these liposomes combined with imaging 
agents allow the visualization of tumors or their microenvi-
ronments.

PEG on the surface of liposomes was reported to take 
mushroom or brush conformations and construct a PEG 
layer,107) and PEG is known to confer steric stabilization 
effects on liposomes for passive targeting. In addition, PEG 
has been utilized as a spacer, and peptide ligands are conju-
gated to the end of PEG lipids. However, in PEGylated lipo-
somes modified with conjugated ligand–lipid, sufficient effects 
of ligand-mediated active targeting are not expected due to the 
embedding in the PEG layer. Therefore, it is important to dis-
play peptide ligands efficiently outside the PEG layer (Fig. 1). 
To overcome this drawback, Stefanick et al.108) used a Glu-Gly 
repeat sequence (EG)n instead of PEG spacers and examined 
the cellular uptake of PEGylated liposomes modified with a 
HER2- or VLA-4-antagonistic peptide–EG linker. Compared 
with PEGylated liposomes using PEG spacers, the combina-
tion of liposomal PEG350 and EG12 spacer dramatically im-
proved its accumulation by 9- and 100-fold in breast cancer 
and multiple myeloma cells, respectively.108) As another linker, 
Veneti et al.109) reported an elastin-like peptide (ELP) linker 
for RGD-targeted liposomes. Since the ELP linker showed 
conformational change in an acidic tumor microenvironment, 
the liposome-modified RGD-ELP linker significantly recog-
nized both MDA-MB-231 and HCC1806 breast cancer cells.109) 
These findings indicate that spacer peptides contribute to the 
efficacy of peptide–ligand-mediated active targeting.

The combination of nanoparticle-modified peptide ligands 
and several stimuli such as pH, temperature, enzymes, and 
ultrasound is a promising strategy for active targeting in can-
cer treatment or molecular imaging.110,111) The pH-sensitive 
peptide GALA occurs as a random coil conformation at pH 
7, whereas it converted to an amphipathic α-helix structure 
at pH 5.112) This conformational change of GALA assisted 
the endosomal escape of PEGylated liposomes to the cyto-
sol. Hyperthermia and photothermia by magnetic or optical 
nanoparticles increased not only the tumor temperature but 
also the tumor vascular permeability of nanoparticles in solid 
tumors.113,114) Extracellular enzyme-catalyzed dePEGylation 
is effective for drug delivery because endosomal escape in-
hibited by PEGylation was interrupted. Hatakeyama et al.115) 
synthesized PEG–peptide–DOPE including a peptide sequence 
cleaved by matrix metalloproteinase-2 and prepared a GALA-
modified envelope-type nanodevice containing PEG–peptide–
DOPE. This nanoparticle enhanced endosomal escape and 
subsequently promoted siRNA delivery both in vitro and in a 
tumor-bearing mouse model.115) Ultrasound (US) is a common 
medical diagnostic imaging modality. Sonoporation induced 
by US and bubble liposomes modified with AG73 peptide 
for syndecans or bubble lipoplex-modified mannose created 
temporal pores on the cell membrane, and anticancer drugs, 
siRNA, and plasmid DNA were delivered to tagged tumors or 
organs.116–120) Thus, internal and external stimuli are effective 
tools to improve drug targeting.

In summary, peptides binding to cancer-specific receptors 

have great potential for drug targeting, and peptide-modified 
nanoparticles are expected to be used clinically for DDS and 
molecular imaging.

Conflict of Interest The authors declare no conflict of 
interest.

References
  1) Marusyk A., Polyak K., Biochim. Biophys. Acta, 1805, 105–117 

(2010).
  2) Nogami Y., Banno K., Kisu I., Yanokura M., Umene K., Masuda 

K., Kobayashi Y., Yamagami W., Nomura H., Tominaga E., Su-
sumu N., Aoki D., Mol. Clin. Oncol., 1, 799–804 (2013).

  3) Hashida M., Kawakami S., Yamashita F., Chem. Pharm. Bull., 53, 
871–880 (2005).

  4) Abdalkader R., Kawakami S., Unga J., Suzuki R., Maruyama K., 
Yamashita F., Hashida M., Acta Biomater., 19, 112–118 (2015).

  5) Akhtar M. J., Ahamed M., Alhadlaq H. A., Alrokayan S. A., 
Kumar S., Clin. Chim. Acta, 436, 78–92 (2014).

  6) Kim S. H., Turnbull J., Guimond S., J. Endocrinol., 209, 139–151 
(2011).

  7) Scaltriti M., Baselga J., Clin. Cancer Res., 12, 5268–5272 (2006).
  8) Arteaga C. L., Sliwkowski M. X., Osborne C. K., Perez E. A., 

Puglisi F., Gianni L., Nat. Rev. Clin. Oncol., 9, 16–32 (2011).
  9) Tolkach Y., Joniau S., Van Poppel H., BJU Int., 111, 1021–1030 

(2013).
 10) Ahmed M., Narain R., Nanomedicine, 10, 2263–2288 (2015).
 11) Dudak F. C., Boyaci I. H., Orner B. P., Molecules, 16, 774–789 

(2011).
 12) Schrama D., Reisfeld R. A., Becker J. C., Nat. Rev. Drug Discov., 

5, 147–159 (2006).
 13) Friedman A. D., Claypool S. E., Liu R., Curr. Pharm. Des., 19, 

6315–6329 (2013).
 14) Srinivasarao M., Galliford C. V., Low P. S., Nat. Rev. Drug Dis-

cov., 14, 203–219 (2015).
 15) Craik D. J., Fairlie D. P., Liras S., Price D., Chem. Biol. Drug Des., 

81, 136–147 (2013).
 16) Goodwin D., Simerska P., Toth I., Curr. Med. Chem., 19, 4451–

4461 (2012).
 17) Luk B. T., Zhang L., ACS Appl. Mater. Interfaces, 6, 21859–21873 

(2014).
 18) Farokhzad O. C., Langer R., ACS Nano, 3, 16–20 (2009).
 19) Timko B. P., Whitehead K., Gao W. W., Kohane D. S., Farokhzad 

O., Anderson D., Langer R., Annu. Rev. Mater. Res., 41, 1–20 
(2011).

 20) Sawant R. R., Torchilin V. P., AAPS J., 14, 303–315 (2012).
 21) Lee T. Y., Wu H. C., Tseng Y. L., Lin C. T., Cancer Res., 64, 

8002–8008 (2004).
 22) Pastorino F., Di Paolo D., Piccardi F., Nico B., Ribatti D., Daga 

A., Baio G., Neumaier C. E., Brignole C., Loi M., Marimpietri 
D., Pagnan G., Cilli M., Lepekhin E. A., Garde S. V., Longhi R., 
Corti A., Allen T. M., Wu J. J., Ponzoni M., Clin. Cancer Res., 14, 
7320–7329 (2008).

 23) Brannon-Peppas L., Blanchette J. O., Adv. Drug Deliv. Rev., 56, 
1649–1659 (2004).

 24) Allen T. M., Hansen C., Martin F., Redemann C., Yau-Young A. F., 
Biochim. Biophys. Acta, 1066, 29–36 (1991).

 25) Klibanov A. L., Maruyama K., Beckerleg A. M., Torchilin V. P., 
Huang L., Biochim. Biophys. Acta, 1062, 142–148 (1991).

 26) De Coupade C., Fittipaldi A., Chagnas V., Michel M., Carlier S., 
Tasciotti E., Darmon A., Ravel D., Kearsey J., Giacca M., Cailler 
F., Biochem. J., 390, 407–418 (2005).

 27) Green M., Loewenstein P. M., Cell, 55, 1179–1188 (1988).
 28) Frankel A. D., Pabo C. O., Cell, 55, 1189–1193 (1988).
 29) Torchilin V. P., Levchenko T. S., Rammohan R., Volodina N., 

Papahadjopoulos-Sternberg B., D’Souza G. G., Proc. Natl. Acad. 

http://dx.doi.org/10.1248/cpb.53.871
http://dx.doi.org/10.1248/cpb.53.871
http://dx.doi.org/10.1016/j.actbio.2015.03.014
http://dx.doi.org/10.1016/j.actbio.2015.03.014
http://dx.doi.org/10.1016/j.cca.2014.05.004
http://dx.doi.org/10.1016/j.cca.2014.05.004
http://dx.doi.org/10.1530/JOE-10-0377
http://dx.doi.org/10.1530/JOE-10-0377
http://dx.doi.org/10.1158/1078-0432.CCR-05-1554
http://dx.doi.org/10.1038/nrclinonc.2011.177
http://dx.doi.org/10.1038/nrclinonc.2011.177
http://dx.doi.org/10.1111/j.1464-410X.2013.11796.x
http://dx.doi.org/10.1111/j.1464-410X.2013.11796.x
http://dx.doi.org/10.2217/nnm.15.58
http://dx.doi.org/10.3390/molecules16010774
http://dx.doi.org/10.3390/molecules16010774
http://dx.doi.org/10.1038/nrd1957
http://dx.doi.org/10.1038/nrd1957
http://dx.doi.org/10.2174/13816128113199990375
http://dx.doi.org/10.2174/13816128113199990375
http://dx.doi.org/10.1038/nrd4519
http://dx.doi.org/10.1038/nrd4519
http://dx.doi.org/10.1111/cbdd.12055
http://dx.doi.org/10.1111/cbdd.12055
http://dx.doi.org/10.2174/092986712803251548
http://dx.doi.org/10.2174/092986712803251548
http://dx.doi.org/10.1021/am5036225
http://dx.doi.org/10.1021/am5036225
http://dx.doi.org/10.1021/nn900002m
http://dx.doi.org/10.1146/annurev-matsci-062910-100359
http://dx.doi.org/10.1146/annurev-matsci-062910-100359
http://dx.doi.org/10.1146/annurev-matsci-062910-100359
http://dx.doi.org/10.1208/s12248-012-9330-0
http://dx.doi.org/10.1158/0008-5472.CAN-04-1948
http://dx.doi.org/10.1158/0008-5472.CAN-04-1948
http://dx.doi.org/10.1158/1078-0432.CCR-08-0804
http://dx.doi.org/10.1158/1078-0432.CCR-08-0804
http://dx.doi.org/10.1158/1078-0432.CCR-08-0804
http://dx.doi.org/10.1158/1078-0432.CCR-08-0804
http://dx.doi.org/10.1158/1078-0432.CCR-08-0804
http://dx.doi.org/10.1016/j.addr.2004.02.014
http://dx.doi.org/10.1016/j.addr.2004.02.014
http://dx.doi.org/10.1016/0005-2736(91)90246-5
http://dx.doi.org/10.1016/0005-2736(91)90246-5
http://dx.doi.org/10.1016/0005-2736(91)90385-L
http://dx.doi.org/10.1016/0005-2736(91)90385-L
http://dx.doi.org/10.1042/BJ20050401
http://dx.doi.org/10.1042/BJ20050401
http://dx.doi.org/10.1042/BJ20050401
http://dx.doi.org/10.1016/0092-8674(88)90262-0
http://dx.doi.org/10.1016/0092-8674(88)90263-2
http://dx.doi.org/10.1073/pnas.0435906100
http://dx.doi.org/10.1073/pnas.0435906100


Vol. 65, No. 7 (2017)� 623Chem. Pharm. Bull.

Sci. U.S.A., 100, 1972–1977 (2003).
 30) Zhang C., Tang N., Liu X., Liang W., Xu W., Torchilin V. P., J. 

Control. Release, 112, 229–239 (2006).
 31) Fosgerau K., Hoffmann T., Drug Discov. Today, 20, 122–128 

(2015).
 32) Aina O. H., Liu R., Sutcliffe J. L., Marik J., Pan C. X., Lam K. S., 

Mol. Pharm., 4, 631–651 (2007).
 33) Raibaut L., El Mahdi O., Melnyk O., Top. Curr. Chem., 363, 

103–154 (2015).
 34) Malins L. R., Payne R. J., Curr. Opin. Chem. Biol., 22, 70–78 

(2014).
 35) Tugyi R., Uray K., Iván D., Fellinger E., Perkins A., Hudecz F., 

Proc. Natl. Acad. Sci. U.S.A., 102, 413–418 (2005).
 36) Danhier F., Le Breton A., Préat V., Mol. Pharm., 9, 2961–2973 

(2012).
 37) Weckbecker G., Lewis I., Albert R., Schmid H. A., Hoyer D., 

Bruns C., Nat. Rev. Drug Discov., 2, 999–1017 (2003).
 38) He Y., Yuan X. M., Lei P., Wu S., Xing W., Lan X. L., Zhu H. 

F., Huang T., Wang G. B., An R., Zhang Y. X., Shen G. X., Acta 
Pharmacol. Sin., 30, 1053–1059 (2009).

 39) Kwekkeboom D. J., Krenning E. P., Semin. Nucl. Med., 32, 84–91 
(2002).

 40) Susini C., Buscail L., Ann. Oncol., 17, 1733–1742 (2006).
 41) Patel Y. C., Front. Neuroendocrinol., 20, 157–198 (1999).
 42) Florio T., Schettini G., J. Mol. Endocrinol., 17, 89–100 (1996).
 43) Huang C. M., Wu Y. T., Chen S. T., Chem. Biol., 7, 453–461 

(2000).
 44) Modlin I. M., Moss S. F., Oberg K., Padbury R., Hicks R. J., Gus-

tafsson B. I., Wright N. A., Kidd M., Med. J. Aust., 193, 46–52 
(2010).

 45) Kwekkeboom D. J., Kam B. L., van Essen M., Teunissen J. J., van 
Eijck C. H., Valkema R., de Jong M., de Herder W. W., Krenning 
E. P., Endocr. Relat. Cancer, 17, R53–R73 (2010).

 46) Antunes P., Ginj M., Zhang H., Waser B., Baum R. P., Reubi J. C., 
Maecke H., Eur. J. Nucl. Med. Mol. Imaging, 34, 982–993 (2007).

 47) Chang C. C., Liu D. Z., Lin S. Y., Liang H. J., Hou W. C., Huang 
W. J., Chang C. H., Ho F. M., Liang Y. C., Food Chem. Toxicol., 
46, 3116–3121 (2008).

 48) Zhang J., Jin W., Wang X., Wang J., Zhang X., Zhang Q., Mol. 
Pharm., 7, 1159–1168 (2010).

 49) Abou D. S., Thorek D. L. J., Ramos N. N., Pinkse M. W. H., Wol-
terbeek H. T., Carlin S. D., Beattie B. J., Lewis J. S., Pharm. Res., 
30, 878–888 (2013).

 50) Barbieri F., Pattarozzi A., Gatti M., Porcile C., Bajetto A., Ferrari 
A., Culler M. D., Florio T., Endocrinology, 149, 4736–4746 (2008).

 51) Barbieri F., Pattarozzi A., Gatti M., Aiello C., Quintero A., Lu-
nardi G., Bajetto A., Ferrari A., Culler M. D., Florio T., Am. J. 
Physiol. Endocrinol. Metab., 297, E1078–E1088 (2009).

 52) Szokolóczi O., Schwab R., Peták I., Örfi L., Pap A., Eberle A. 
N., Szüts T., Kéril G., J. Recept. Signal Transduct., 25, 217–235 
(2005).

 53) Barczyk M., Carracedo S., Gullberg D., Cell Tissue Res., 339, 
269–280 (2010).

 54) Serini G., Valdembri D., Bussolino F., Exp. Cell Res., 312, 651–
658 (2006).

 55) Chen K., Chen X., Theranostics, 1, 189–200 (2011).
 56) Xiong X. B., Huang Y., Lu W. L., Zhang X., Zhang H., Nagai T., 

Zhang Q., J. Pharm. Sci., 94, 1782–1793 (2005).
 57) Liu X. Y., Ruan L. M., Mao W. W., Wang J. Q., Shen Y. Q., Sui M. 

H., Int. J. Med. Sci., 7, 197–208 (2010).
 58) Hölig P., Bach M., Völkel T., Nahde T., Hoffmann S., Müller R., 

Kontermann R. E., Protein Eng. Des. Sel., 17, 433–441 (2004).
 59) Bogdanowich-Knipp S. J., Chakrabarti S., Siahaan T. J., Williams 

T. D., Dillman R. K., J. Pept. Res., 53, 530–541 (1999).
 60) Haubner R., Weber W. A., Beer A. J., Vabuliene E., Reim D., Sar-

bia M., Becker K. F., Goebel M., Hein R., Wester H. J., Kessler H., 

Schwaiger M., PLoS Med., 2, e70 (2005).
 61) Wei Y. C., Gao Y., Zhang J., Fu Z., Zheng J., Liu N., Hu X., Hou 

W., Yu J., Yuan S., Sci. Rep., 6, 28757 (2016).
 62) Zheng K., Liang N., Zhang J., Lang L., Zhang W., Li S., Zhao 

J., Niu G., Li F., Zhu Z., Chen X., J. Nucl. Med., 56, 1823–1827 
(2015).

 63) Liu Z., Yan Y., Liu S., Wang F., Chen X., Bioconjug. Chem., 20, 
1016–1025 (2009).

 64) Liu Z., Huang J., Dong C., Cui L., Jin X., Jia B., Zhu Z., Li F., 
Wang F., Mol. Pharm., 9, 1409–1417 (2012).

 65) Cai W., Chen K., Li Z. B., Gambhir S. S., Chen X., J. Nucl. Med., 
48, 1862–1870 (2007).

 66) Ren J., Xu S., Guo D., Zhang J., Liu S., Clin. Transl. Oncol., 16, 
668–674 (2014).

 67) Dai W., Yang T., Wang X., Wang J., Zhang X., Zhang Q., J. Drug 
Target., 18, 254–263 (2010).

 68) Wang J., Pantopoulos K., Biochem. J., 434, 365–381 (2011).
 69) Neckers L. M., Trepel J. B., Cancer Invest., 4, 461–470 (1986).
 70) Kondo K., Noguchi M., Mukai K., Matsuno Y., Sato Y., Shimosato 

Y., Monden Y., Chest, 97, 1367–1371 (1990).
 71) Habeshaw J. A., Lister T. A., Stansfeld A. G., Greaves M. F., Lan-

cet, 321, 498–501 (1983).
 72) Seymour G. J., Walsh M. D., Lavin M. F., Strutton G., Gardiner R. 

A., Urol. Res., 15, 341–344 (1987).
 73) Yang D. C., Wang F., Elliott R. L., Head J. F., Anticancer Res., 21 

(1B), 541–549 (2001).
 74) Prior R., Reifenberger G., Wechsler W., Virchows Arch. A Pathol. 

Anat. Histopathol., 416, 491–496 (1990).
 75) Daniels T. R., Bernabeu E., Rodríguez J. A., Patel S., Kozman 

M., Chiappetta D. A., Holler E., Ljubimova J. Y., Helguera G., 
Penichet M. L., Biochim. Biophys. Acta, 1820, 291–317 (2012).

 76) Rousselle C., Clair P., Lefauconnier J. M., Kaczorek M., Scher-
rmann J. M., Temsamani J., Mol. Pharmacol., 57, 679–686 (2000).

 77) Gao J. Q., Lv Q., Li L. M., Tang X. J., Li F. Z., Hu Y. L., Han M., 
Biomaterials, 34, 5628–5639 (2013).

 78) Wang K., Zhang Y., Wang J., Yuan A., Sun M., Wu J., Hu Y., Sci. 
Rep., 6, 27421 (2016).

 79) Lee J. H., Engler J. A., Collawn J. F., Moore B. A., Eur. J. Bio-
chem., 268, 2004–2012 (2001).

 80) Wu H., Yao L., Mei J., Li F., Int. J. Clin. Exp. Pathol., 8, 207–216 
(2015).

 81) Qin Y., Chen H., Zhang Q., Wang X., Yuan W., Kuai R., Tang J., 
Zhang L., Zhang Z., Zhang Q., Liu J., He Q., Int. J. Pharm., 420, 
304–312 (2011).

 82) Wang R. H., Cao H. M., Tian Z. J., Jin B., Wang Q., Ma H., Wu J., 
Oncol. Rep., 33, 783–791 (2015).

 83) Zhang R., Feng G., Zhang C. J., Cai X., Cheng X., Liu B., Anal. 
Chem., 88, 4841–4848 (2016).

 84) Kawamoto M., Horibe T., Kohno M., Kawakami K., BMC Cancer, 
11, 359 (2011).

 85) Yarden Y., Oncology, 61 (Suppl. 2), 1–13 (2001).
 86) Lindström L. S., Karlsson E., Wilking U. M., Johansson U., Hart-

man J., Lidbrink E. K., Hatschek T., Skoog L., Bergh J., J. Clin. 
Oncol., 30, 2601–2608 (2012).

 87) Zhu Z. L., Zhang J., Chen M. L., Li K., Asian Pac. J. Cancer 
Prev., 14, 7111–7116 (2013).

 88) Bang Y. J., Van Cutsem E., Feyereislova A., Chung H. C., Shen L., 
Sawaki A., Lordick F., Ohtsu A., Omuro Y., Satoh T., Aprile G., 
Kulikov E., Hill J., Lehle M., Rüschoff J., Kang Y. K., ToGA Trial 
Investigators, Lancet, 376, 687–697 (2010).

 89) Yang T., Choi M. K., Cui F. D., Lee S. J., Chung S. J., Shim C. K., 
Kim D. D., Pharm. Res., 24, 2402–2411 (2007).

 90) Karasseva N. G., Glinsky V. V., Chen N. X., Komatireddy R., 
Quinn T. P., J. Protein Chem., 21, 287–296 (2002).

 91) Bandekar A., Zhu C., Gomez A., Menzenski M. Z., Sempkowski 
M., Sofou S., Mol. Pharm., 10, 152–160 (2013).

http://dx.doi.org/10.1073/pnas.0435906100
http://dx.doi.org/10.1016/j.jconrel.2006.01.022
http://dx.doi.org/10.1016/j.jconrel.2006.01.022
http://dx.doi.org/10.1016/j.drudis.2014.10.003
http://dx.doi.org/10.1016/j.drudis.2014.10.003
http://dx.doi.org/10.1021/mp700073y
http://dx.doi.org/10.1021/mp700073y
http://dx.doi.org/10.1007/128_2014_609
http://dx.doi.org/10.1007/128_2014_609
http://dx.doi.org/10.1016/j.cbpa.2014.09.021
http://dx.doi.org/10.1016/j.cbpa.2014.09.021
http://dx.doi.org/10.1073/pnas.0407677102
http://dx.doi.org/10.1073/pnas.0407677102
http://dx.doi.org/10.1021/mp3002733
http://dx.doi.org/10.1021/mp3002733
http://dx.doi.org/10.1038/nrd1255
http://dx.doi.org/10.1038/nrd1255
http://dx.doi.org/10.1038/aps.2009.59
http://dx.doi.org/10.1038/aps.2009.59
http://dx.doi.org/10.1038/aps.2009.59
http://dx.doi.org/10.1053/snuc.2002.31022
http://dx.doi.org/10.1053/snuc.2002.31022
http://dx.doi.org/10.1093/annonc/mdl105
http://dx.doi.org/10.1006/frne.1999.0183
http://dx.doi.org/10.1677/jme.0.0170089
http://dx.doi.org/10.1016/S1074-5521(00)00131-9
http://dx.doi.org/10.1016/S1074-5521(00)00131-9
http://dx.doi.org/10.1677/ERC-09-0078
http://dx.doi.org/10.1677/ERC-09-0078
http://dx.doi.org/10.1677/ERC-09-0078
http://dx.doi.org/10.1007/s00259-006-0317-x
http://dx.doi.org/10.1007/s00259-006-0317-x
http://dx.doi.org/10.1016/j.fct.2008.06.084
http://dx.doi.org/10.1016/j.fct.2008.06.084
http://dx.doi.org/10.1016/j.fct.2008.06.084
http://dx.doi.org/10.1021/mp1000235
http://dx.doi.org/10.1021/mp1000235
http://dx.doi.org/10.1007/s11095-012-0929-8
http://dx.doi.org/10.1007/s11095-012-0929-8
http://dx.doi.org/10.1007/s11095-012-0929-8
http://dx.doi.org/10.1210/en.2007-1762
http://dx.doi.org/10.1210/en.2007-1762
http://dx.doi.org/10.1152/ajpendo.00292.2009
http://dx.doi.org/10.1152/ajpendo.00292.2009
http://dx.doi.org/10.1152/ajpendo.00292.2009
http://dx.doi.org/10.1080/10799890500464621
http://dx.doi.org/10.1080/10799890500464621
http://dx.doi.org/10.1080/10799890500464621
http://dx.doi.org/10.1007/s00441-009-0834-6
http://dx.doi.org/10.1007/s00441-009-0834-6
http://dx.doi.org/10.1016/j.yexcr.2005.10.020
http://dx.doi.org/10.1016/j.yexcr.2005.10.020
http://dx.doi.org/10.7150/thno/v01p0189
http://dx.doi.org/10.1002/jps.20397
http://dx.doi.org/10.1002/jps.20397
http://dx.doi.org/10.7150/ijms.7.197
http://dx.doi.org/10.7150/ijms.7.197
http://dx.doi.org/10.1093/protein/gzh055
http://dx.doi.org/10.1093/protein/gzh055
http://dx.doi.org/10.1034/j.1399-3011.1999.00052.x
http://dx.doi.org/10.1034/j.1399-3011.1999.00052.x
http://dx.doi.org/10.1371/journal.pmed.0020070
http://dx.doi.org/10.1371/journal.pmed.0020070
http://dx.doi.org/10.1371/journal.pmed.0020070
http://dx.doi.org/10.1038/srep28757
http://dx.doi.org/10.1038/srep28757
http://dx.doi.org/10.2967/jnumed.115.160648
http://dx.doi.org/10.2967/jnumed.115.160648
http://dx.doi.org/10.2967/jnumed.115.160648
http://dx.doi.org/10.1021/bc9000245
http://dx.doi.org/10.1021/bc9000245
http://dx.doi.org/10.2967/jnumed.107.043216
http://dx.doi.org/10.2967/jnumed.107.043216
http://dx.doi.org/10.1007/s12094-013-1133-y
http://dx.doi.org/10.1007/s12094-013-1133-y
http://dx.doi.org/10.3109/10611860903353354
http://dx.doi.org/10.3109/10611860903353354
http://dx.doi.org/10.1042/BJ20101825
http://dx.doi.org/10.3109/07357908609017524
http://dx.doi.org/10.1378/chest.97.6.1367
http://dx.doi.org/10.1378/chest.97.6.1367
http://dx.doi.org/10.1016/S0140-6736(83)92191-8
http://dx.doi.org/10.1016/S0140-6736(83)92191-8
http://dx.doi.org/10.1007/BF00265663
http://dx.doi.org/10.1007/BF00265663
http://dx.doi.org/10.1007/BF01600299
http://dx.doi.org/10.1007/BF01600299
http://dx.doi.org/10.1016/j.bbagen.2011.07.016
http://dx.doi.org/10.1016/j.bbagen.2011.07.016
http://dx.doi.org/10.1016/j.bbagen.2011.07.016
http://dx.doi.org/10.1016/j.biomaterials.2013.03.097
http://dx.doi.org/10.1016/j.biomaterials.2013.03.097
http://dx.doi.org/10.1038/srep27421
http://dx.doi.org/10.1038/srep27421
http://dx.doi.org/10.1046/j.1432-1327.2001.02073.x
http://dx.doi.org/10.1046/j.1432-1327.2001.02073.x
http://dx.doi.org/10.1016/j.ijpharm.2011.09.008
http://dx.doi.org/10.1016/j.ijpharm.2011.09.008
http://dx.doi.org/10.1016/j.ijpharm.2011.09.008
http://dx.doi.org/10.1021/acs.analchem.6b00524
http://dx.doi.org/10.1021/acs.analchem.6b00524
http://dx.doi.org/10.1186/1471-2407-11-359
http://dx.doi.org/10.1186/1471-2407-11-359
http://dx.doi.org/10.1159/000055396
http://dx.doi.org/10.1200/JCO.2011.37.2482
http://dx.doi.org/10.1200/JCO.2011.37.2482
http://dx.doi.org/10.1200/JCO.2011.37.2482
http://dx.doi.org/10.7314/APJCP.2013.14.12.7111
http://dx.doi.org/10.7314/APJCP.2013.14.12.7111
http://dx.doi.org/10.1016/S0140-6736(10)61121-X
http://dx.doi.org/10.1016/S0140-6736(10)61121-X
http://dx.doi.org/10.1016/S0140-6736(10)61121-X
http://dx.doi.org/10.1016/S0140-6736(10)61121-X
http://dx.doi.org/10.1007/s11095-007-9425-y
http://dx.doi.org/10.1007/s11095-007-9425-y
http://dx.doi.org/10.1023/A:1019749504418
http://dx.doi.org/10.1023/A:1019749504418
http://dx.doi.org/10.1021/mp3002717
http://dx.doi.org/10.1021/mp3002717


624� Vol. 65, No. 7 (2017)Chem. Pharm. Bull.

 92) Pero S. C., Shukla G. S., Armstrong A. L., Peterson D., Fuller 
S. P., Godin K., Kingsley-Richards S. L., Weaver D. L., Bond J., 
Krag D. N., Int. J. Cancer, 111, 951–960 (2004).

 93) Jie L. Y., Cai L. L., Wang L. J., Ying X. Y., Yu R. S., Zhang M. 
M., Du Y. Z., Int. J. Nanomedicine, 7, 3981–3989 (2012).

 94) Park B. W., Zhang H. T., Wu C., Berezov A., Zhang X., Dua R., 
Wang Q., Kao G., O’Rourke D. M., Greene M. I., Murali R., Nat. 
Biotechnol., 18, 194–198 (2000).

 95) Zahmatkeshan M., Gheybi F., Rezayat S. M., Jaafari M. R., Eur. J. 
Pharm. Sci., 86, 125–135 (2016).

 96) Dharap S. S., Wang Y., Chandna P., Khandare J. J., Qiu B., Gunas-
eelan S., Sinko P. J., Stein S., Farmanfarmaian A., Minko T., Proc. 
Natl. Acad. Sci. U.S.A., 102, 12962–12967 (2005).

 97) Khandare J. J., Chandna P., Wang Y., Pozharov V. P., Minko T., J. 
Pharmacol. Exp. Ther., 317, 929–937 (2006).

 98) Bajusz S., Janaky T., Csernus V. J., Bokser L., Fekete M., 
Srkalovic G., Redding T. W., Schally A. V., Proc. Natl. Acad. Sci. 
U.S.A., 86, 6318–6322 (1989).

 99) Bajusz S., Janaky T., Csernus V. J., Bokser L., Fekete M., 
Srkalovic G., Redding T. W., Schally A. V., Proc. Natl. Acad. Sci. 
U.S.A., 86, 6313–6317 (1989).

100) Liu S. V., Tsao-Wei D. D., Xiong S., Groshen S., Dorff T. B., 
Quinn D. I., Tai Y. C., Engel J., Hawes D., Schally A. V., Pinski J. 
K., Clin. Cancer Res., 20, 6277–6283 (2014).

101) Saad M., Garbuzenko O. B., Ber E., Chandna P., Khandare J. 
J., Pozharov V. P., Minko T., J. Control. Release, 130, 107–114 
(2008).

102) Lei H., Cao P., Miao G., Lin Z., Diao Z., Appl. Biochem. Biotech-
nol., 162, 988–995 (2010).

103) Chen Y., Wu J. J., Huang L., Mol. Ther., 18, 828–834 (2010).
104) Wang X., Wang Y., Chen X., Wang J., Zhang X., Zhang Q., J. 

Control. Release, 139, 56–62 (2009).
105) Yang Y., Yang Y., Xie X., Cai X., Zhang H., Gong W., Wang Z., 

Mei X., Biomaterials, 35, 4368–4381 (2014).
106) Huang N., Cheng S., Zhang X., Tian Q., Pi J., Tang J., Huang Q., 

Wang F., Chen J., Xie Z., Xu Z., Chen W., Zheng H., Cheng Y., 
Nanomedicine, 13, 83–93 (2017).

107) Garbuzenko O., Barenholz Y., Priev A., Chem. Phys. Lipids, 135, 
117–129 (2005).

108) Stefanick J. F., Ashley J. D., Kiziltepe T., Bilgicer B., ACS Nano, 
7, 2935–2947 (2013).

109) Veneti E., Tu R. S., Auguste D. T., Bioconjug. Chem., 27, 1813–
1821 (2016).

110) Fumoto S., Kawakami S., Biol. Pharm. Bull., 37, 212–216 (2014).
111) Chatterjee D. K., Diagaradjane P., Krishnan S., Ther. Deliv., 2, 

1001–1014 (2011).
112) Goormaghtigh E., De Meutter J., Szoka F., Cabiaux V., Parente R. 

A., Ruysschaert J. M., Eur. J. Biochem., 195, 421–429 (1991).
113) Torres-Lugo M., Rinaldi C., Nanomedicine, 8, 1689–1707 (2013).
114) Chatterjee D. K., Diagaradjane P., Krishnan S., Ther. Deliv., 2, 

1001–1014 (2011).
115) Hatakeyama H., Ito E., Akita H., Oishi M., Nagasaki Y., Futaki S., 

Harashima H., J. Control. Release, 139, 127–132 (2009).
116) Negishi Y., Omata D., Iijima H., Takabayashi Y., Suzuki K., Endo 

Y., Suzuki R., Maruyama K., Nomizu M., Aramaki Y., Mol. 
Pharm., 7, 217–226 (2010).

117) Hamano N., Negishi Y., Omata D., Takahashi Y., Manandhar M., 
Suzuki R., Maruyama K., Nomizu M., Aramaki Y., Mol. Pharm., 
10, 774–779 (2013).

118) Un K., Kawakami S., Suzuki R., Maruyama K., Yamashita F., 
Hashida M., Biomaterials, 31, 7813–7826 (2010).

119) Un K., Kawakami S., Yoshida M., Higuchi Y., Suzuki R., 
Maruyama K., Yamashita F., Hashida M., Hepatology, 56, 259–269 
(2012).

120) Yoshida M., Kawakami S., Kono Y., Un K., Higuchi Y., Maruyama 
K., Yamashita F., Hashida M., Int. J. Pharm., 475, 401–407 (2014).

http://dx.doi.org/10.1002/ijc.20306
http://dx.doi.org/10.1002/ijc.20306
http://dx.doi.org/10.1002/ijc.20306
http://dx.doi.org/10.1038/72651
http://dx.doi.org/10.1038/72651
http://dx.doi.org/10.1038/72651
http://dx.doi.org/10.1016/j.ejps.2016.03.009
http://dx.doi.org/10.1016/j.ejps.2016.03.009
http://dx.doi.org/10.1073/pnas.0504274102
http://dx.doi.org/10.1073/pnas.0504274102
http://dx.doi.org/10.1073/pnas.0504274102
http://dx.doi.org/10.1124/jpet.105.098855
http://dx.doi.org/10.1124/jpet.105.098855
http://dx.doi.org/10.1073/pnas.86.16.6318
http://dx.doi.org/10.1073/pnas.86.16.6318
http://dx.doi.org/10.1073/pnas.86.16.6318
http://dx.doi.org/10.1073/pnas.86.16.6313
http://dx.doi.org/10.1073/pnas.86.16.6313
http://dx.doi.org/10.1073/pnas.86.16.6313
http://dx.doi.org/10.1158/1078-0432.CCR-14-0489
http://dx.doi.org/10.1158/1078-0432.CCR-14-0489
http://dx.doi.org/10.1158/1078-0432.CCR-14-0489
http://dx.doi.org/10.1016/j.jconrel.2008.05.024
http://dx.doi.org/10.1016/j.jconrel.2008.05.024
http://dx.doi.org/10.1016/j.jconrel.2008.05.024
http://dx.doi.org/10.1007/s12010-009-8901-8
http://dx.doi.org/10.1007/s12010-009-8901-8
http://dx.doi.org/10.1038/mt.2009.291
http://dx.doi.org/10.1016/j.jconrel.2009.05.030
http://dx.doi.org/10.1016/j.jconrel.2009.05.030
http://dx.doi.org/10.1016/j.biomaterials.2014.01.076
http://dx.doi.org/10.1016/j.biomaterials.2014.01.076
http://dx.doi.org/10.1016/j.nano.2016.08.029
http://dx.doi.org/10.1016/j.nano.2016.08.029
http://dx.doi.org/10.1016/j.nano.2016.08.029
http://dx.doi.org/10.1016/j.chemphyslip.2005.02.003
http://dx.doi.org/10.1016/j.chemphyslip.2005.02.003
http://dx.doi.org/10.1021/nn305663e
http://dx.doi.org/10.1021/nn305663e
http://dx.doi.org/10.1021/acs.bioconjchem.6b00205
http://dx.doi.org/10.1021/acs.bioconjchem.6b00205
http://dx.doi.org/10.1248/bpb.b13-00703
http://dx.doi.org/10.4155/tde.11.72
http://dx.doi.org/10.4155/tde.11.72
http://dx.doi.org/10.1111/j.1432-1033.1991.tb15721.x
http://dx.doi.org/10.1111/j.1432-1033.1991.tb15721.x
http://dx.doi.org/10.2217/nnm.13.146
http://dx.doi.org/10.4155/tde.11.72
http://dx.doi.org/10.4155/tde.11.72
http://dx.doi.org/10.1016/j.jconrel.2009.06.008
http://dx.doi.org/10.1016/j.jconrel.2009.06.008
http://dx.doi.org/10.1021/mp900214s
http://dx.doi.org/10.1021/mp900214s
http://dx.doi.org/10.1021/mp900214s
http://dx.doi.org/10.1021/mp300463h
http://dx.doi.org/10.1021/mp300463h
http://dx.doi.org/10.1021/mp300463h
http://dx.doi.org/10.1016/j.biomaterials.2010.06.058
http://dx.doi.org/10.1016/j.biomaterials.2010.06.058
http://dx.doi.org/10.1002/hep.25607
http://dx.doi.org/10.1002/hep.25607
http://dx.doi.org/10.1002/hep.25607
http://dx.doi.org/10.1016/j.ijpharm.2014.09.005
http://dx.doi.org/10.1016/j.ijpharm.2014.09.005

