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a  b  s  t  r  a  c  t

In order  to achieve  long  circulation  time  and high  drug  accumulation  in  the tumor  sites  via  the  EPR
effects,  anticancer  drugs  have  to be protected  by  non-fouling  polymers  such  as  poly(ethylene  glycol)
(PEG),  poly(ethylene  oxide)  (PEO),  dextran,  and  poly(acrylic  acid)  (PAA).  However,  the  dense  layer  of
stealth  polymer  also  prohibits  efficient  uptake  of  anticancer  drugs  by target  cancer  cells.  For  cancer
eywords:
argeting
nticancer
anoparticles

nternalization enhancement

therapy,  it  is  often  more  desirable  to  accomplish  rapid cellular  uptake  after  anticancer  drugs  arriving
at  the  pathological  site,  which  could  on  one  hand  maximize  the  therapeutic  efficacy  and  on  the  other
hand  reduce  probability  of drug  resistance  in  cells.  In this  review,  special  attention  will  be  focused  on
the  recent  potential  strategies  that can  enable  drug-loaded  polymeric  nanoparticles  to rapidly  recognize
cancer  cells,  leading  to  enhanced  internalization.

©  2015  Elsevier  B.V.  All  rights  reserved.
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. Introduction To assist i.v. administered anticancer agents in achieving proper
circulation time and tumor concentration, and to attenuate
Chemotherapeutic drugs generally suffer from poor pharma-
okinetics and inappropriate biodistribution. Because of their low
olecular weight (Mw), for instance, intravenously (i.v.) admin-

stered anticancer agents tend to present with short circulation
ime and with low concentrations in tumors and metastases.

∗ Corresponding author.
E-mail address: chygong14@163.com (C. Gong).

ttp://dx.doi.org/10.1016/j.colsurfb.2015.07.013
927-7765/© 2015 Elsevier B.V. All rights reserved.
their accumulation in potentially endangered healthy organs and
tissues, nanoscale drug delivery systems such as liposomes, poly-
meric micelles, polymersomes, nanogels, and nanocapsules have
emerged as an indispensable platform for modern cancer therapy
[1–3]. Their appropriate sizes (usually between several nanometers

and 200 nm) and stealthy properties enable them to extrava-
gate through the hyperpermeable blood vessels and preferentially
accumulate in the tumor via the enhanced permeability and reten-
tion (EPR) effect [4–6]. Since the circulation time of a carrier is

dx.doi.org/10.1016/j.colsurfb.2015.07.013
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.07.013&domain=pdf
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rolonged, its opportunity of passing through the leaky vascula-
ure increases, and thereby its extravagation into the tumor tissue
7]. Beyond that, therapeutic polymeric nanoparticles (NPs) can
ccommodate multiple functions including: (1) improve the phar-
aceutical and pharmacological properties of drugs, potentially
ithout the need to alter drug molecules, (2) deliver multiple types

f therapeutic drugs with potentially different physicochemical
roperties, (3) deliver a combination of imaging and therapeutic
gents for real-time monitoring of therapeutic efficacy, (4) protect
rugs (small molecules, proteins, nucleic acids or peptides) from
epatic inactivation, enzymatic degradation and rapid clearance

n vivo, (5) reduce the incidence and intensity of side effects [8].
ence, numerous studies focused on NPs with antineoplastic drugs
ncapsulated in during the past decades. And a number of drug-
oaded NPs have reached clinical development and even some have
een clinically approved. For instance, DOXIL, doxorubicin (Dox)-

oaded PEGylated liposome, was the first FDA approved liposome
anomedicine to reach clinical approval in 1995 for AIDS related
aposi’s syndrome [9]. NK911, a micellar NP comprising PEG, Dox
nd poly(aspartic acid), and Genexol-PM, which was  a paclitaxel-
ncapsulated PEG-PLA micelle formulation, both were currently in
hase II development for various cancers [10–12].

Thus far however, the clinical performance of EPR-exploiting
rug-loaded NPs has been relatively disappointing. They do sub-
tantially reduce the incidence and intensity of side effects, such
s cardiotoxicity, bone marrow depression, alopecia and nausea,
ut to date, they have largely failed to really improve response
ates and survival times [13,14]. The majority of drug-loaded
olymeric nanoparticles possess a stealth surface made of water
oluble non-fouling polymers such as poly(ethylene glycol) (PEG),
oly(ethylene oxide) (PEO), dextran, and poly(acrylic acid) (PAA),
hich confer prolonged circulation time and enhanced accumu-

ation in tumor sites via EPR effect [15,16]. However, this highly
ydrophilic surface failed to create optimal uptake by cancer cells
ithin the tumor. This problem which has been referred to by

ome as the “PEG dilemma” has been suggested to hinder efficient
rug delivery in tumors as these NPs end up releasing their ther-
peutic payload into the tumor milieu rather than within cancer
ells [17,18]. And ubiquitously targeting cells within a tumor is
ot always feasible because some drugs cannot diffuse efficiently
nd the random nature of the approach makes it difficult to con-
rol the process of internalization. This lack of control may  induce

ultiple-drug resistance (MDR)-a situation where chemotherapy
reatments fail patients due to resistance of cancer cells toward one
r more drugs. MDR  occurs because transporter proteins that are
verexpressed on the surface of cancer cell can expel drugs from
ells [19–21]. Expelling drugs inevitably lowers the therapeutic
ffect and cancer cells soon develop resistance to a variety of drugs.
onsequently, as vehicles, ideal nanoparticles are obliged to target
ells with high drug loading levels without drug leakage on the way,
hile rapidly unload drug at the intracellular site of action. In this

eview, special attention will be focused on the recent potential
trategies that can enable drug-loaded polymeric nanoparticles to
apidly recognize cancer cells, leading to enhanced internalization.

. Ligand-targeted NPs for enhanced internalization

The addition of targeting ligands, which was installed on the sur-
ace of nanoparticles, can play a vital role in the ultimate location
f the nanoparticle. For example, nanoparticles can be selectively
ecognized by specific tumor cells if their surfaces contain moieties

uch as antibodies, aptamers, proteins, peptides, folate, carbo-
ydrate and other emerging targeting molecules. These moieties
an be directed to cancer cell surface receptors, such as trans-
errin receptors, that are known to be increased in number on
iointerfaces 135 (2015) 56–72 57

a wide range of cancer cells [22]. These targeting ligands enable
nanoparticles to bind to cell-surface receptors and enter cells
via the receptor-mediated endocytic route. Recent work compar-
ing non-targeted and targeted nanoparticles (lipid-based [23] or
polymer-based [24]) has demonstrated that the primary role of the
targeting ligands is to enrich cellular uptake into cancer cells rather
than to increase the accumulation in the tumor. In the following
section we  mainly focus on recent efforts in the development of
ligand-based targeted NPs (Table 1).

2.1. Monoclonal antibody based targeting molecules

Among all the targeting molecules, monoclonal antibodies
(mAbs) have been most commonly used in the development of
targeted NPs owing to their high specificity and affinity to the
target and so far about 30 of them have been approved for
clinical use [44–48]. For example, trastuzumab and rituximab,
which are mAbs currently in the clinic, have been conjugated to
poly(lactic acid) (PLA) NPs leading to nanoconjugates that demon-
strate a 6-fold increase in the rate of particle uptake compared
with similar particles lacking mAb  targeting molecules [49,50].
A nanoparticle consisting of a mucic acid polymer conjugate of
camptothecin (CPT), MAP-CPT, and containing herceptin antibody
was investigated in bearing HER2 overexpressing BT-474 human
breast cancer cells. Cellular uptake of nanoparticles was enhanced
by 70% compared to nontargeted version by the incorporation
of a single Herceptin antibody targeting agent per nanoparti-
cle [51,52]. Gold nanoparticles (AuNPs) were conjugated with
cetuximab (C225) and then labeled with In-111, which created
EGFR-targeted AuNPs. In vitro studies showed that the uptake
of C225-conjugated AuNPs in high EGFR-expression A549 cells
was 14.9-fold higher than that of PEGylated AuNPs; moreover,
uptake was also higher at 3.8-fold when MCF7 cells with lower
EGFR-expression were used. In vivo A549 tumor xenograft mouse
model MicroSPECT/CT imaging and a biodistribution study pro-
vided evidence of enhanced internalization of the C225-conjugated
AuNPs into the tumor cells via antibody-mediated endocytosis.
But a large portion of PEGylated AuNPs remained in the tumor
interstitium [53]. Despite the intense effort undertaken for their
development, mAbs-conjugated NPs still encounter many chal-
lenges and limitations. First, mAbs-conjugated NPs have a large
size, which curbs intratumoral distribution due to interstitial tumor
pressure and limits their intracellular and intratissue penetration
especially in solid tumors. Second, they require extensive opti-
mization through molecular engineering technologies, and create
engineering difficulty in NPs scale-up and manufacturing. Third,
they potentially lead to increased immunogenicity – the ability to
evoke an immune response – and liver and spleen uptake of the
nanocarrier [54–56]. For these reasons Abs can be fragmented and
only the antigen-binding fragments are used. It is true that for bet-
ter treatment, the faster speed of penetration in solid tumors of
antibody fragments over intact antibodies is a remarkably supe-
riority [45]. Additionally, although antibody fragments including
antigen-binding fragments (Fab), dimers of antigen-binding frag-
ments (F(ab)2), single-chain fragment variables (scFv) and other
engineered fragments (Fig. 1) are less stable than whole antibod-
ies, they are considered safer when injected systemically due to
reduced non-specific binding [55]. Two  antibody fragment target-
ing liposomal systems have progressed to clinical trials. MCC-465
is an immunoliposome-encapsulated doxorubicin (Dox), with a
surface decorated with both PEG and dimers of antigen-binding
fragments (F(ab)2) for immune shielding and targeting respec-

tively. The F(ab)2 used in this NPs is a fragment of the human mAb,
GAH, which positively reacts to >90% of cancerous stomach tissues,
but negatively to all normal tissues [57]. MCC-456 exhibits signif-
icant antitumor response against GAH-positive xenografts leading
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Table 1
Examples of Ligand-Directed Targeting Polymeric Nanoparticles for Cancer Treatment.

Identity Ligand type Target Nanoparticle Cargo Target
Cells/Tissues

Rf

herceptin antibody HER2a polymeric
nanoparticle

tamoxifen breast cancer [25]

Cetuximab (C255) antibody EGFRb Nanographene
oxide

epirubicin glioma cells [26]

anti-Tfc Fab′ antibody fragment TfRd micelle DACHPt/m pancreatic
cancer

[27]

HAb18 F(ab′)(2) antibody fragment tumor antigen micelle doxorubicin hepatocellular
carcinoma

[28]

ZHER2 affibody affibody HER2 bio-
nanocapsule/liposome
complex

siRNA breast cancer
cells

[29]

EGa1 nanobody EGFR micelle doxorubicin head and neck
squamous cell
carcinoma cells

[30]

AS1411 aptamer nucleolin polymeric
nanoparticle

vinorelbine breast cancer
cells

[31]

RNA aptamer aptamer PSMAe liposome doxorubicin prostate cancer [32]
Tf protein TfR polymeric

nanoparticle
microRNA2-9b acute myeloid

leukemia
[33]

Lactoferrin protein LRPf BSA
nanoparticle

doxorubicin glioblastoma [34]

RGD peptide �v�3 integrin dendrimer doxorubicin glioblastoma [35]
cRGD peptide �v�3 integrin micelle platinum glioblastoma [36]
iRGD peptide �v integrin polymeric

nanoparticle
paclitaxel and
surviving
shRNA

lung cancer [37]

LyP-1 peptide p32/gC1q liposome doxorubicin lymphatic
metastatic
tumor

[38]

FAg FA FRsh hydrogel curcumin HeLa cells [39]
FA FA FRs polymersome doxorubicin glioma cells [40]
Galactose Carbohydrate ASGPRi polymersome protein hepatoma cells [41]
HAj Carbohydrate CD44 polymer

nanoparticle
paclitaxel SCC7 cells [42]

BIND-014 Small molecule PSMA polymer
nanoparticle

detaxel solid tumors [43]

a Human epidermal growth factor receptor 2.
b Epidermal growth factor receptor.
c Transferrin.
d Transferrin receptor.
e Prostate specific embrane antigen.
f Low-density lipoprotein receptor.
g Folic acid.

t
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h Folate receptors.
i Asialoglycoprotein receptor.
j Hyaluronic acid.

o up to 80% reduction in tumor mass compared with free Dox
r GAH non-conjugated PEG liposomal Dox. However, MCC-465
oes not appear to have progressed through clinical development
fter phase I completion [58]. SGT-53 is a therapeutic complex that
omprises of a cationic liposome encapsulating a plasmid encoding
ormal human wild-type p53 DNA, and is decorated with an anti-
ransferrin receptor (TfR) single-chain antibody fragment (scFv)
esigned to target cancer cells. Pre-clinical studies have indicated
hat SGT53-01 could sensitize tumors to the effects of radiation
nd chemotherapy. SGT-53 is currently in a Phase Ib clinical trial
2007, NCT00470613) in patients with advanced solid tumors [59].
he anti-CD44v6 single chain variable fragment (scFv(CD44v6))
creened out from the human phage-displayed scFv library pos-
esses high specificity and affinity to membrane antigen CD44v6
verexpressing in a subset of epithelium-derived cancers, such as
ancreatic, hepatocellular, colorectal and gastric cancers. Conju-
ation of scFv(CD44v6) with arsenite ion (As) loaded polymeric
anoparticles (scFv-As-NPs) enabled more efficient delivery of As

nd exhibited higher cytotoxic activity than non-targeted ones (As-
Ps) in human pancreatic cancer cells PANC-1. Furthermore, the

argeted delivery of As induced more significant gene suppression
n terms of the expression of anti-apoptotic Bcl-2 protein [60].
Affibody constitute a new class of targeted moiety based on an
antibody binding domain of staphylococcal protein A [61]. Due to
small size (6 kDa) as well as high affinity and specificity, affibody
molecules are well suited to provide small particles with affinity-
mediated recognition for cellular targets [62]. Affibody molecule
has been reported with selective binding to therapeutic targets
with subnanomolar affinity-for example, human epidermal growth
factor receptor 2, epidermal growth factor receptor, insulinlike
growth factor 1, and platelet-derived growth factor receptor �
[63–65]. Julia Beuttler et al. applied a bivalent, high-affinity EGFR-
specific affibody molecule for the generation of targeted PEGylated
liposomes. Compared to non-targeted liposomes, targeting led
to internalization in EGFR-expressing cell lines and a selective
increase in cytotoxicity toward EGFR-expressing tumor cells when
using mitoxantrone loaded liposomes [66]. In addition, affibody
modified and radiolabeled gold-iron oxide hetero-nanostructures
were developed for tumor PET, optical and MR  imaging. In vitro and
in vivo study showed that the resultant nanoprobe modified with

targeting molecules (anti-EGFR Affibody protein) provided high
specificity, sensitivity, and excellent tumor contrast for both PET
and MRI  imaging in the human EGFR-expressing cells and tumors
[67].
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Fig. 1. Antibodies and their fragments. Schematic representation and correspond-
ing  molecular weight of (left) a monoclonal antibody, mAb, and its fragments, i.e.,
Fab′ , Fv, scFv; and of (right) a heavy chain only antibody, HcAb, together with its
antigenbinding fragment, i.e. nanobody.
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ource: Adapted from Ref. [70] with kind permission of P.M. van Bergen en Hene-
ouwen, Division of Cell Biology, Department of Biology, Faculty of Science, Utrecht
niversity, The Netherlands.

The variable domain of the heavy-chain antibodies, which is the
mallest fully functional antigen-binding fragment, we  refer to this
ntity as nanobody [68]. Nanobodies, with a molecular weight of
5 kDa and 1.5–2.5 nm dimensions, combine the advantages of both
mall molecules (e.g., molecular cavity binding, low production
osts) and monoclonal antibodies (e.g., high affinity and specificity)
69,70]. In addition, these smaller molecules have been shown
ith lower immunogenicity than the traditional mAbs [71,72].

sil Altintas et al. have published the successful development of
ovel targeted albumin nanoparticles, i.e. the nanobody-albumin
anoparticles (NANAPs). The surface of albumin nanoparticles was
oated with bifunctional polyethylene glycol 3500 (PEG) and a
anobody-the single variable domain of an antibody-(Ega1), to
rovide specificity for binding to EGFR-expressing tumor cells.
hese nanoparticles were loaded with a multikinase inhibitor
7864-Lx-a platinum-bound sunitinib analog, which couples the
rug to methionine residues of albumin and is released in a reduc-
ive environment. These NANAPs were efficiently internalized into
he 14C squamous head and neck cancer cells via the interaction
f the nanobody with EGFR. EGa1-PEG functionalized nanoparti-
les showed a 40-fold higher binding to EGFR-positive 14C cancer
ells in comparison to PEGylated nanoparticles. The intracellular
outing of EGa1 targeted nanoparticles leads to a successful intra-
ellular release of the kinase inhibitor and inhibition of proliferation
hereas the non-targeted formulations had no antiproliferative

ffects on 14C cells [73].

.2. Aptamer-based targeting molecules

In addition to the rational design of antibodies, highthrough-
ut approaches have been used to generate targeting agents such
s aptamers, which are single-stranded DNA or RNA oligonu-
leotides selected in vitro from a large number of random sequences
∼1014–1015) [55,74]. The in vitro aptamers selection process is
eferred to as Systemic Evolution of Ligands by Exponential enrich-

ent (SELEX) [75] introduced in the early 90s independently by

he research groups of Gold [76] and Ellington [77]. Aptamers
re selected to bind to a wide variety of targets with high speci-
city and affinity, including proteins, phospholipids, iron channels,
iointerfaces 135 (2015) 56–72 59

nucleic acids, and whole cells, among others [78]. Compared
with traditional antibodies, nucleic acid aptamers show significant
advantages in terms of size, non-immunogenicity, remarkable sta-
bility in a wide range of pH (4–9) and temperature, as well as to rare
activity loss when exposed to organic solvents [79]. In addition,
structural flexibility enables aptamer to bind to hidden epitopes
which cannot be targeted by antibodies [80]. Furthermore, nucleic
acid ligands identified through the SELEX process can be obtained in
a large amount through chemical synthesis, which is cost-effective
and has minimal batch to batch difference in binding affinity. This is
in contrast to antibodies, which often display batch-to-batch vari-
ation in quality during scale-up production [81,82].

Since first reported, more than 200 kinds of aptamers have
been isolated for a wide variety of targets [83,84]. For example,
RNA aptamers to the vascular endothelial growth factor (VEGF165)
isoform with 2′-O-methylpurine and 2′-F pyrimidines, were iso-
lated by NeXstar Pharmaceutical (acquired by Gilead Science in
1999) in 1995 and 1998, respectively. VEGF aptamers could not
only contribute to regression of tumor vessels, but also illustrate
a remarkable stability in plasma in monkeys [85]. The approval
of VEGF165-targeted Macugen (Pegaptanib sodium) by the FDA
in 2004 for the treatment of neovascular macular degeneration,
underscored the rapid progress of aptamers from original con-
ception to clinical application [86]. By integrating the advantages
of NPs with the cell-targeting capabilities of aptamers, aptamer-
functionalized NPs may  provide a new path of designing solutions
for the drug delivery field [78,87–89]. AS1411, an aptamer showing
specific binding to nucleolin, was conjugated to PEGylated cationic
liposome as the targeting probe ASLP (AS1411-PEG-liposome) for
siRNA delivery. The much higher accumulation of the siRNA in
tumor cells comparing with normal cells indicated that ASLP dis-
played excellent tumor-targeting capability. Notably, ASLP/siBraf
showed significant silencing activity in A375 tumor xenograft
mice and inhibited the melanoma growth [90]. In one preliminary
study, platinum compound (PtIV)-encapsulated NPs formulated
with PLGA-b-PEG copolymer was constructed where the surface
was functionalized with A10 aptamers. A10 aptamers, first iso-
lated in 2002, could recognize ta hallmark antigen on prostate
cancer cell surfaces, named prostate specific membrane antigen
(PSMA). PSMA is predominantly expressed on the vasculature of
many neoplasms but lowly expressed in normal tissue [91]. These
Pt(IV)-encapsulated nanoparticle-aptamer bioconjugates (Pt-NP-
Apt) bind to the PSMA protein expressed on the surface of LNCaP
prostate epithelial cells and get taken up by these cells resulting
in significant enhancement in in vitro cellular toxicity as compared
with nontargeted nanoparticles that lack PSMA aptamer (Pt-NP).
And enhanced in vivo pharmacokinetics, biodistribution, tolera-
bility, and efficacy of Pt-PLGA-b-PEG-Apt-NP when compared to
cisplatin administered in its conventional form was demonstrated
in normal Sprague Dawley rats, Swiss Albino mice, and the PSMA-
expressing LNCaP subcutaneous xenograft mouse model of PCa,
respectively [92]. When the combination delivery system was func-
tionalized with aptamer, the resultant vehicle delivering different
drugs is anticipated to be a more effective disease targeting system.
In one study, A10-functionalized, dual-drug delivery NP platform
was designed, allowing for simultaneous co-delivery of hydropho-
bic docetaxel and hydrophilic PtIV. This powerful carrier exhibited
10-fold increased toxic efficacy compared with a single PtIV carrier
[93].

In fact, following insight into novel tumor biomarkers, other
new aptamers are still under selection and investigation. For exam-
ple, a novel hollow gold nanosphere (HAuNS) drug delivery system

was loaded with Dox for killing tumor cells and equipped with
an aptamer (Apt) for selective targeting CD30 (a cell membrane
protein of the tumor necrosis factor receptor family) on lym-
phoma cells [94]. Curcumin-loaded lipid-polymer-lecithin hybrid
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anoparticles were functionalized with RNA aptamers against
pithelial cell adhesion molecule (EpCAM) for targeted delivery
o colorectal adenocarcinoma cells. These Curcumin-encapsulated
ioconjugates (Apt-Cur-NPs) showed increased binding to HT29
olon cancer cells and improvement in cellular uptake when
ompared to Cur-NPs functionalized with a control Apt. And a
ubstantial enhancement in cytotoxicity was achieved toward
T29 cells with Apt-Cur-NP bioconjugates [95]. GMT8 aptamer, a

hort DNA sequence that could specifically bind to glioblastoma
87 cells, was used to functionalize docetaxel-loaded PEG-PCL
anoparticles. In vitro cell uptake and U87 tumor spheroid uptake
tudy demonstrated that nanoparticles functionalized with GMT8
ptamer (ApNP) significantly enhanced intracellular drug delivery
nd tumor spheroid penetration. The in vivo imaging demonstrated
hat in an orthotropic brain glioblastoma model, ApNP could target
lioblastoma resulting in 2-fold higher tumor accumulation than
ontargeted controls [96].

Although aptamers have many advantages over antibodies, they
re still challenged by several in vivo barriers. First, since most
ptamers are obtained from in vitro selection under a simplified
nvironment, they may  lose specificity when applied in vivo when
he environment becomes more complex. Second, aptamers may
uffer degradation in blood circulation by the serum nuclease. Thus,
n aptamer agent may  be cleared/degraded before reaching the
umor site. Third, its polar nature may  prevent it from sufficiently
enetrating the tumor. If the issues at the design stage are resolved,
ptamer-functionalized NPs may  have a higher chance for clinical
ranslation.

.3. Protein and peptide-based targeting molecules

Many endogenous proteins that selectively bind to specific
embrane receptors have been proposed to achieve effective

umor targeting via receptor-mediated endocytosis. For example,
he iron transporting protein Tf, which binds specifically to the
fR, has been exploited to deliver NPs into different cell types.
hoi et al. found that ligands targeting the TfR exerted their influ-
nce by increasing uptake of targeted NPs by cancer cells while
ot by increasing particle accumulation in the tumor region [97].
ctive targeting of brain malignancies could be also achieved
y Tf-conjugated nanoplatforms, as this molecule could facilitate
he transcytosis of drug loaded colloids across the blood brain
arrier [98]. The Tf targeting nanoparticle formulation of siRNA,
enoted as CALAA-01, was the first RNA interference (RNAi)-based,
xperimental therapeutic to be administered to cancer patients
99,100]. MBP-426, a liposome conjugated with Tf for the deliv-
ry of oxaliplatin, has completed a Phase I clinical trial (2006,
CT00355888). It has also reached a Phase Ib/II clinical trial in

econd-line patients with gastric, gastroesophageal, or esophageal
denocarcinoma (2009, NCT00964080) [101]. Lactoferrin (Lf) is
nother iron-binding protein which could adhere to low-density
ipoprotein receptor (LRP) overexpressed in the glioma cells. Lf
as been explored as a specific targeting molecule to promote the
elivery of anticancer drugs to brain [102]. Bovine serum albu-
in  nanoparticles (BSA-NPs) modified with both Lf and mPEG2000

oading Dox was designed, and its brain glioma cells targeting prop-
rties were investigated. Compared to other NPs, Lf-NPs showed the
trongest cytotoxicity and the highest effectiveness in the uptake
oth in the primary brain capillary endothelial cells (BCECs) and
lioma cells (C6). Body distribution of Dox in different formulations
evealed that Lf-NPs could significantly increase the accumulation
f Dox in the brain [34]. Alternatively, growth factor interactions

ith cancer cells represent a commonly used targeting strategy,

s cancer cells often overexpress the receptors for nutrition to
aintain their fast-growing metabolism. For example, epidermal

rowth factor (EGF) has been shown to block and reduce tumor
iointerfaces 135 (2015) 56–72

expression of the EGF receptor, which is overexpressed in a vari-
ety of tumor cells such as breast and tongue cancer [103]. Direct
coupling of EGF to nanocarriers containing chemotherapies such as
drugs has improved intracellular delivery and therapeutic outcome
in animal tumor models [104]. Neural growth factor (NGF) attached
to NPs also have been shown to enter cells and elicit specific
molecular responses [105]. However, proteins are often immuno-
genic and susceptible to early clearance by different mechanisms
in vivo, which may  largely limit their effectiveness. In addition,
receptors of these protein ligands are endogenous and commonly
expressed on fast-growing healthy cells such as firoblasts, epithe-
lial and endothelial cells. This could lead to non-specific targeting
and subsequently decrease drug effectiveness and increase toxicity
[106].

Peptides are particularly well suited for NPs targeting due to
their small size, relatively low immunogenicity as compared to
larger proteins, high stability, and ease of conjugation to NPs sur-
faces. Additionally, the multivalent presentation of a peptide on NPs
provides high avidity for the target [107]. Specifically, the devel-
opment of highly specific peptide phage libraries, bacterial peptide
display libraries, plasmid peptide libraries, and new screening tech-
nologies have made it possible to synthesize peptide ligands to
a myriad of targets [108,109]. Combinatorial libraries have con-
tributed to the discovery of short peptides (10–15 amino acids)
that are capable of binding to targeted proteins, cells, or tissues
specifically [110]. The integrin family of cell adhesion receptors
regulates a diverse array of cellular functions crucial to the initia-
tion, progression and metastasis of solid tumors. However, integrin
expression can also vary considerably between normal and tumor
tissue. Most notably, �v�3 integrin is usually expressed at low or
undetectable levels in most adult epithelia but can be highly upre-
gulated on tumoral endothelial cells as well as on some tumor cells
[111]. A search for high affinity ligands for integrin receptors, Arg-
Gly-Asp (RGD) peptides are well-known to bind preferentially to
the �v�3 integrin [112]. A cyclic RGD peptide antagonist of �v�3,
cilengitide (EMD121974), showed favorable safety profiles and no-
dose-limiting toxicities in phase I clinical trials [113]. Cilengitide is
currently being tested in phase II trials in patients with lung and
prostate cancer [114] and glioblastomas [115,116]. RGD-targeted
nanocarriers may  specifically address drugs to angiogenic endothe-
lial cells and/or cancer cells by interaction the RGD peptide with
�v�3 overexpressed by these cells, allowing “double active target-
ing” of the tumors [36,117,118]. As illustrated by Fig. 2, the EPR
effect combined with the double active targeting of both endothe-
lial and cancer cells leads to the antitumoral effect of drug-loaded
RGD nanocarriers. N-(2-Hydroxypropyl)methacrylamide (HPMA)
copolymer-docetaxel-RGDfK conjugate was  synthesized and eval-
uated in vitro and in vivo in comparison with untargeted HPMA
copolymer-docetaxel conjugates. The RGDfK targeted conjugate
showed active binding to �v�3 integrins in both human umbil-
ical vein endothelial cells (HUVEC) and DU145 human prostate
cancer cells, whereas the untargeted conjugate demonstrated
no evidence of specific binding. And RGDfK targeted conju-
gates exhibited the highest antitumor efficacy as evaluated by
tumor regression compared to nontargeted HPMA-DTX counter-
parts in mice bearing DU145 human prostate tumor xenografts
[119]. Paclitaxel (PTX) and cRGDfK2 conjugated poly(glutamic acid)
(PGA-PTX-E-(cRGDfK2)) could inhibit the growth of proliferating
�v�3-expressing HUVEC, U87MG human glioblastoma, and 4T1
murine breast cancer [120]. Dox-loaded cRGDfk-functionalized
PEO-PCL micelles showed high affinity with bladder cancer cells
(T-24 cells) and strong inhibitory effect on their proliferation [121].

It was  worth noting that cRGDyk conjugated liposomes could serve
as an effective drug system for targeted and synergistic therapy of
bone metastases from prostate cancer. By taking advantages of tar-
geted drug delivery and synergistic antitumor activity of cRGDyk
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ting mechanisms of RGDgrafted nanocarriers.
S olique de Louvain, Pharmaceutics and Drug Delivery, Louvain Drug Research Institute,
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Fig. 3. Tissue penetrating iRGD. Penetration mechanism of iRGD. The iRGD peptide
binds to �v integrin expressed by tumor blood vessel endothelial cells and tumor
cells. After the binding, the peptide is cleaved by proteases to expose the cryp-
tic  CendR element. This CendR element binds to neuropilin-1 and penetrates into
cells and tissue. The peptide can also penetrate into tumors while carrying a cargo
attached to the N-terminus of the iRGD peptide.
Fig. 2. Schematic representation of targe
ource: Adapted from Ref. [221] with kind permission of V. Preat, Université cath
elgium.

nd loaded cisplatin, cRGDyk conjugated liposomal drug system
ould inhibit osteoclastic and osteoblastic bone lesions, relieve
ain, and improve overall survival [122].

To further retain NPs within tumor tissue and to enhance cel-
ular uptake, cell-penetrating peptides have been used to facilitate
ranslocation of cargoes across the plasma membrane and to spe-
ific organelles within the cell [123]. The cyclic iRGD is constituted
rom CRGDK/RGPD, containing a cryptic CendR motif, CRGDK/R that
ossesses CendR-like tissue and cell penetrating activities [124].
ike conventional RGD peptides, iRGD homes to tumors by ini-
ially binding to �v integrins that are expressed on tumor blood
essel endothelial cells and tumor cells [110,125]. iRGD is then
roteolytically cleaved in the tumor to produce CRGDK/R. The trun-
ated peptide loses much of its integrin-binding activity, but gains
ffinity for neuropilin-1 (NRP-1) [126]. The NRP-1 binding trigg-
rs extravasation, tissue penetration, and cell entry of NPs, which
s tumor-specific because the cleavage requires earlier binding of
he peptide to integrins (Fig. 3). Interestingly, the recent papers
ave shown that iRGD-decorated PTX-loaded micelles with a long
oly(N-vinylpyrrolidone) block exhibited superior tumor growth

nhibition and survival time of H22 tumor-bearing mice [127]. And
he recent findings strongly suggested that iRGD-mediated drug
elivery system could significantly improve the efficacy of tumor
herapy through enhancing tumor accumulation and penetration
s compared to the conventional RGD ones. The RGD cyclopep-
ide (RGDyC) or iRGD was bound to PEGylated polyamidoamine
PAMAM) dendrimer with Dox by acid-sensitive cis-aconityl link-
ge (PEG-PAMAM-cis-aconityl-Dox, PPCD), respectively. In vitro
lioma spheroid penetration study showed that RGD-PPCD, iRGD-
PCD and iRGD + PPCD penetrated into C6 spheroids with a depth

f 115 �m,  144 �m and 150 �m,  respectively, indicating that iRGD-
ediated PPCD delivery system had a stronger penetrating ability

han RGD ones. In vivo results also demonstrated the superiority in
enetration ability and accumulation in brain tumor of iRGD system
Source: Adapted from Ref. [221] with kind permission of V. Preat, Université
catholique de Louvain, Pharmaceutics and Drug Delivery, Louvain Drug Research
Institute, Belgium.

over RGD ones [128]. LyP-1 (Cys-Gly-Asn-Lys-Arg-Thr-Arg-Gly-
Cys), a cyclic nine-amino acid peptide identified by in vivo phage
display technology, was  proved to be able to specifically recognize

and bind to its receptor (p32/gC1qR) in certain tumor cells (such as
highly metastatic breast tumor cells MDA-MB-435S and MDA-MB-
231), offering the potential for a drug delivery system to selectively
target tumor [129,130]. LyP-1 modified nanoparticles have been
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eported for their good tumor targeting and enhanced inhibition
ffect of drugs loaded against tumors [131]. Besides, LyP-1 pep-
ide was found to specifically bind with tumor lymphatic vessels,
roviding one possible avenue for tumor targeted therapy that can
pecifically destroy tumor lymph system simultaneously [132]. To
pecifically deliver drug to both highly metastatic tumor and its
ymphatics, tumor- and tumor lymphatics-homing peptide (LyP-1)
onjugated PEG-PCL micelles (LyP-1-PM) were first constructed.
he attachment of LyP-1 peptide on the surface of polymeric
icelles indeed led to their favorable uptake in highly metastatic

reast cancer MDA-MB-435S cells and lymphatic endothelial cells
LEC) in vitro and their specific delivery to the tumor and tumor
ymphatics in vivo [133]. F3 is a 31-amino acid sequence of the NH2-
erminal fragment of human high-mobility group protein 2, which
as discovered using phage-displayed cDNA libraries [134]. The

1-amino-acid F3 peptide has also been shown to bind to nucleo-
in protein expressed on the surface of tumor endothelial cells
nd tumor cells [135]. F3-targeted cisplatin-hydrogel nanoparti-
les (F3-Cis-Np) bind with high specificity to both human ovarian
umor cells and tumor endothelial cells in vitro, and in vivo. F3-Cis-
p led to near complete loss of all human tumor vessels in a murine
odel of human tumor vasculature [136].
Hence, results up to now suggest the accumulation of anticancer

rugs in tumors can be appropriately enhanced by peptide-
unctionalized nanoparticles when compared to non-targeting
anoparticles. But overall delivery to the tumor remains typ-

cally low, and there is substantial delivery to other ‘healthy’
issues like the liver and spleen. In addition, the capability of the
eptide-functionalized nanoparticles to show similarly enhanced
ell targeting when injected in vivo is complicated by the het-
rogeneity of cells within the tumor microenvironment and the
ariable expression levels of the target proteins. Nonetheless,
hese issues do not negate the benefits obtained by the peptide-
unctionalized nanoparticles currently used to improve cell binding
nd internalization, but rather indicate that the nanoparticles face
dditional challenges when used for in vivo therapy [137].

.4. Folate-based targeting molecules

One of the most extensively studied small molecule targeting
oieties for drug delivery is folic acid (FA). FA is necessary for the

ynthesis of purines and pyrimidines. FA binds with a high affinity
in the nanomolar range) to the glycosylphosphatidylinositol-
inked folate receptors (FRs), which is overexpressed in the
ancerous cells as compared to the normal cells. The expression
evel of FA in tumors have been reported to be 100–300 times
igher than that in normal tissues [138]. This speciality conferred

 variety of FA derivatives and conjugates to deliver molecular
omplexes to cancer cells without doing harm to normal cells
139]. Furthermore, FA is much easier to be manufactured at an
ndustrial scale compared with antibodies, which is an apparent

erit of FA targeting for clinical application [140]. For example,
C145 is conjugate of FA and a vinca alkaloid (desacetylvinblas-
ine monohydrazide (DAVLBH)) currently in phase III development
or cancer treatment [141,142]. Based on the natural high affin-
ty of FA for the FRs, drug carriers conjugated with FA may  also
ind tightly to the FRs and trigger cellular uptake via endocyto-
is [143,144]. Recently, FA molecules were functioned as blockers
n cationic polyrotaxanes (PR) composed of poly(ethylenimine)
PEI)(600)-grafted �-cyclodextrin rings linearized on polyethylene
lycol to form FA-terminated PR-PEI(600) (FPP) for gene deliv-
ry (FPP/pDNA). FPP/pDNA showed a lower cytotoxicity, strong

pecificity to FR, and high efficiency of delivering DNA to target
ells in vitro and in vivo with the reporter genes. Furthermore, the
PP/DNA complex showed an enhanced antitumor effect in the
ude mice compared with other delivery systems, such as PEI-25K
iointerfaces 135 (2015) 56–72

[145]. Yang et al. developed a FA targeting co-delivery system FA-
doxorubicin/Bmi1 siRNA liposome (FA-Dox/siRNA-L). Co-delivery
of Bmi1 siRNA and Dox by FA-Dox/siRNA-L exhibited significantly
higher efficacy than sole delivery of either Dox or Bmi1 siRNA.
Notably, higher accumulation of the siRNA and Dox in tumor cells
indicated that FA ligand displayed tumor targeting effect [146]. FA
decorated bovine serum albumin (BSA) conjugated carboxymethyl-
�-cyclodextrin (CM-�-CD) nanoparticles (FA-BSA-CM-�-CD NPs)
were capable of entrapping a hydrophobic Gefitinib. Under the
reaction between FA and FRs, Gefitinib loaded FA-BSA-CM-ß-CD
NPs induced apoptosis of Hela cells through elevating the expres-
sion of caspase-3 and inhibited autophagy through decreasing the
expression of LC3 [147]. Interestingly, the application of FA target-
ing is not confined to solid tumors, but also leukemia cells. FR-� is
expressed in approximately 70% of the cases of acute myelogenous
leukemia (AML) blast cells. FR-�-targeted liposomal doxorubicin
showed higher in vitro toxicity than its non-targeted analog in
MV4-11 (human acute myelocytic leukemia) and K562 (human
erythromyeloblastoid leukemia) cell lines. It also showed stronger
inhibition in a colony formation assay with MV4-11, K562 cells and
AML  patient cells than its non-targeted analog. This suggests the
potential clinical application of FA targeting of liposomal nanopar-
ticles in treating AML  [148]. However, FA is relatively hydrophobic
in nature and strategies to maximize its binding properties on the
NPs surface need to be carefully considered and investigated [149].
In addition, an increased surface density of FA ligands on NP sur-
faces has been shown to give rise to dimers, trimers or tubular
quartet self-assembled FA structures which can impede the binding
efficiency of FA to its receptors [150].

2.5. Carbohydrates-based targeting molecules

Concerning other molecules that could be used as targeting
ligands, carbohydrates have also gained attention due to their
ease of production, low molecular weight and high abundance in
nature. In addition, sugar chemistry is sufficiently well-known to
allow their efficient modification and characterization. Most car-
bohydrate molecules used for targeting purposes (e.g., galactose,
lactose, mannose) bind specifically to asialoglycoprotein receptors
(ASGPR), which are membrane lectin receptors commonly found
in liver cells [151]. Their multiplicity, high affinity, and effective
endocytosis after receptor binding as well as the biocompatibility of
carbohydrate ligands render them an interesting ligand for tumor-
specific drug delivery [152]. For example, galactose-decorated
biodegradable micelles from PEG-b-poly(acryloyl carbonate)-b-
PCL and galactose-conjugated PEG-PCL (Gal-PEG-PCL) copolymers
were prepared to enhance hepatoma-targeting delivery of PTX.
In vitro and in vivo assays showed that Gal-decorated PTX-loaded
micelles retained a high antitumor activity in HepG2 cells, which
was much more effective than PTX-loaded cross-linked micelles
without Gal ligands [153]. The micelles constructed from PEG-SS-
PCL and galactose-PEG-PCL (Gal-PEG-PCL) block copolymers aimed
to actively transport Dox into the nuclei of target cancer cells, induc-
ing superb in vitro antitumor effects. The results of flow cytometry
revealed that cellular Dox level in HepG2 cells treated with Dox-
loaded PEG-SS-PCL/Gal micelles was much higher than that with
nontargeting PEG-SS-PCL [154]. In another way, mannose and man-
nan were also used to target mannose receptors on the surface
of antigen-presenting cells in order to achieve an improvement
of antigen specific response [155]. Silva JM et al. hypothesized
that the co-entrapment of melanoma-associated antigens and
the Toll-like receptor (TLR) ligands Poly(I:C) and CpG, known to

be Th1-immunopotentiators, in mannose-functionalized aliphatic
polyester-based nanoparticles could be targeted to mannose recep-
tors on antigen-presenting cells and induce anti-tumor immune
responses. The mannose-functionalization of NPs potentiated the
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h1 immune response and the nanoparticulate vaccines indeed
ecreased the growth rate of murine B16F10 melanoma tumors

n therapeutic and prophylatic settings [156].
Polysaccharides, in particular, HA, have gained great interest

or targeted drug delivery. HA as natural polyanionic biopolymer
as excellent biocompatibility and biodegradability [157]. Given
he fact that HA binding receptors, such as CD44 and RHAMM,  are
verexpressed on the cell surface of several malignant tumors with
igh metastasis activity, HA has been widely investigated as a tar-
eting constituent of drug carriers for cancer therapy [158,159].
oon HY et al. reported tumor-targeting hyaluronic acid nanopar-
icles (HANPs) as the carrier of the hydrophobic photosensitizer,
hlorine6 (Ce6) for simultaneous photodynamic imaging and ther-
py. The resulting Ce6-HANPs showed stable nano-structure in
queous condition and rapid uptake into tumor cells. After an
ntravenous injection into the tumor-bearing mice, Ce6-HANPs
ould efficiently reach tumor tissue via passive targeting mecha-
ism and specifically enter tumor cells through receptor-mediated
ndocytosis based on the interactions between HA of nanoparticles
nd CD44 [160,161]. Docetaxel-loaded PLGA-b-HA nanoparti-
les (DTX/SANPs) also showed enhanced cytotoxicity toward
D44-overexpressing MDA-MB-231 cells. And in vivo studies
emonstrated that SANPs exhibited enhanced tumor targeting and
ntitumor activity with lower systemic toxicity [162]. Beyond their
argeting abilities, another advantage of HA is the stealth properties
hey can confer to nanoparticles.

Glycyrrhetinic acid (GA) or glycyrrhizin (GL) is one of the main
ioactive compounds extracted from licorice, which could be used
o treat hepatitis and hepatotoxicity. On account of their high
inding ability to the cellular membrane of hepatocytes, GA or
L has been explored as a specific ligand for hepatoma-targeting
hemotherapy [163]. The self-assembly sulfated chitosan nanopar-
icles functionalized with glycyrrhetinic acid (GA-SCTS) were
repared for liver cancer therapy. Dox-loaded GA-SCTS micelles
Dox/GA-SCTS micelles) had higher affinity for the liver cancer cells
HepG2 cells) than for the normal liver cells (Chang liver cells).
here was nearly 2.18-fold improvement in uptake of the Dox/SA-
CTS micelles by HepG2 cells than that by Chang liver cells [164].
-carboxymethyl chitosan nanoparticles (CMCNP) were modified
y glycyrrhizin (GL) as hepatocellular carcinoma (HCC)-targeted
elivery vehicles, which could efficiently deliver PTX into HCC. The
esultant CMCNP-GL promoted liver cancer SMMC-7721 cell inter-
alization by approximate 10.0-fold as compared to unmodified
MCNP. The in vivo tumor inhibition ratio of PTX/CMCNP-GL was
7.5%, showing remarkably higher than that of PTX/CMCNP (64.0%)
nd PTX injection (34.5%) [165].

.6. Other emerging targeting small molecules

Small molecules, are usually defined as low molecular weight
rganic molecules with a molecular weight <500 Da. The use of
mall molecules to constitute targeted NPs remains a promising
argeting strategy due to their small size and ease of handling
less prone to degradation than biomolecular ligands). Some cer-
ain unique advantages of small molecule targeting ligands include:
1) the availability of a range of facile coupling chemistries for
heir conjugation, (2) the possibility to modulate ligand densities
nd charge on nanoparticle surfaces, since these parameters can
ffect stability, size, and morphology, as well as targeting efficiency,
3) availability of a wide range of targeting ligands with variable
olubilities and functional groups, as facilitated by advances in
iversity-oriented synthesis, (4) fewer immunogenic effects in vivo

compared to macromolecular ligands) and, (5) reproducible, scal-
ble, and economical manufacturing [44,166].

Small hydrophilic molecules identified from a series of urea-
ased PSMA inhibitors are capable of targeting the PSMA receptor
iointerfaces 135 (2015) 56–72 63

with affinity and specificity similar to that of antibodies and
aptamers [167]. These molecules could enable NPs to be internal-
ized by cells through endocytosis and preferentially accumulate
in tumors overexpressing PSMA receptors. Since PSMA is not
only highly expressed by prostate cancer but also in the neo-
vasculature of most solid tumors instead of the vasculature of
normal tissues, this targeting strategy is quite desirable for ther-
apy and diagnosis applications [168]. Notably, one from this
class of molecules, the pseudomimetic dipeptide 2-{[(5-amino-
1-carboxypentyl)carbamoyl]aminopentanedioic acid, already used
by Sechi et al. for development of (-)-epigallocatechin 3-gallate-
loaded PSMA-targeted nanoparticles [169] and by Chandran et al.
for preparation of docetaxel-PLA/PCL-based targeted nanoparti-
cles [170], was also used as a targeting ligand in the development
of BIND-014 [171]. BIND-014 was the first targeted polymeric
nanoparticles for cancer chemotherapy to reach clinical Phase I
trials in January 2011. BIND-014 has been demonstrated to be up
to 10-fold more effective in delivering docetaxel to tumors with
respect to an equivalent dose of free drug in multiple animal mod-
els, with no increase in toxicity. The results of a Phase I clinical
trial indicate that BIND-014 has a different pharmacologic profile
with respect to free docetaxel, including pharmacokinetic proper-
ties consistent with a prolonged circulation half-life for BIND-014
and retention of docetaxel in the vascular compartments, with mul-
tiple cases of tumor shrinkage at doses up to five times less than
the docetaxel dose typically administered. Phase II development of
BIND-014 as second-line therapy for patients with non-small-cell
lung cancer (NCT01792479) and those with metastatic astrate-
resistant prostate cancer (NCT01812746) was  started in 2013.
Further clinical studies to evaluate BIND-014 in a wide range of
solid tumors are currently under consideration [172].

A family of domains referred to as A-domains fulfills all of the
criteria for developing a therapeutic protein platform [173]. A-
domain proteins, which are 40-amino-acid oligopeptides, bind over
100 different known targets, including small molecules, proteins
and viruses [174]. The first A-domain protein was found in the low-
density lipoprotein receptor (LDLR) by Tschopp and Mollnes [175].
A new class of targeting molecules, named avimer, has emerged
from A-domain proteins. An avimer is a single protein chain con-
taining multiple domains, each of which represents a separate
function. All of the avimer clones described show similar expres-
sion levels and molecular properties. Promising targets for which
avimer binders have been identified include IL-6, cMet, CD28,
CD40L and BAFF [176]. Recently, Richard Smith et al. generated
avimers using phage-displayed libraries that bound specifically to
either FGFR1c or �-Klotho. These domains were then combined into
a single polypeptide to generate a bispecific molecule that exhibits
potent FGF21-like agonist activity in vitro and in vivo [177]. There-
fore, the avimer platform can generate potent functional molecules
for a variety of targets.

Adnectins are a new family of therapeutic oligopeptides based
on the 10th fibronectin type III domain, and designed to bind
with high affinity and specificity to therapeutically relevant targets.
Characterized by thermostability and protease-resistance, each
Adnectin typically has three distinct loop structures. A large library
of Adnectins has been created by introducing diversity into these
loops [178,179]. CT-322, a PEGylated, anti-angiogenic Adnectin,
binds the VEGFR-2 extracellular domain with high specificity
and affinity to block VEGF-induced VEGFR-2 signaling [180,181].
In Phase I clinical trials, CT-322 had an ∼100 h half-life in the
bloodstream, was well tolerated, did not give rise to neutral-
izing antibodies and did not show signs of antibody-mediated

clearance. Meantime, CT-322 exhibits promising antitumor activ-
ity in patients with advanced solid tumors [182]. Phase II trials
are underway to evaluate the efficacy of CT-322, in combina-
tion with chemotherapy or with chemotherapy and radiation,
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Fig. 4. Schematic model for the proposed drug delivery system: the carrier system consists of two components, a PLLA-b-PEG micelle conjugated to TAT and a pH sensitive
diblock polymer PSD-b-PEG. (a) At normal blood pH, the sulfonamide is negatively charged, and when mixed the TATmicelle, shields the TAT by electrostatic interaction.
O ) whe
a

S arma

a
m
d
a

3

d
t
v
o
w
[
c
t
b
s
t
H
c
d
o
l
c
u
O
N
e
a
d
c
n
i
e
f
p
p
a
c
p
P
W
T
s
m

nly  PEG is exposed to the outside which could make the carrier long circulating; (b
nd  detaches, thus exposing TAT for interaction with tumor cells.

ource: Adapted from Ref. [188] with kind permission of Y.H. Bae, Department of Ph

gainst glioblastoma multiforme, non-small cell lung cancer and
etastatic colorectal cancer. Conjugation of these molecules on

rug-encapsulated NPs may  further enhance targeted cancer ther-
py.

. TAT exposure by shield/deshielding mechanism

The arrival of targeted NPs directly to tumor cells may  be hin-
ered by poor vascularization and permeability within certain
umor regions. This problem is further frustrated by the ele-
ated interstitial pressure of tumors owing to the leaky nature
f their blood vessels and their dysfunctional lymphatic vessels
hich can diminish tumor tissue penetration and retention of NPs

13]. To further retain NPs within tumor tissue and to enhance
ellular uptake, cell-penetrating peptides (CPPs) have been used
o facilitate translocation of cargoes across the plasma mem-
rane to specific organelles within the cell [183]. Many of these
equences are derived from natural sequences, such as the protein-
ransduction domains of viruses. The TAT peptide derived from the
IV-1 virus has been popularly used to deliver a variety of NPs into
ells [184–186]. In particular, TAT-conjugated fluorescent quantum
ots were used as model systems to investigate the cellular tracking
f TAT-functionalized NPs [187]. TAT-functionalized NPs efficiently
ocalize in the cells in vitro, but they are not suitable for systemic
ellular drug delivery. One of the main obstacles that still remain
nresolved is the lack of selectivity of TAT in the bloodstream.
nce administrated into the bloodstream, the TAT-functionalized
Ps would non-selectively distribute in the whole body, and even
nter the brain tissues, causing a variety of problems in in vivo
pplications. Thus, these TAT-functionalized NPs must be further
esigned to overcome the extracellular barriers for in vivo appli-
ations. An ideal scenario for their in vivo applications is to shield
on-specific TAT during the blood circulation but expose them once

n cancerous tissues or inside intracellular compartments. To this
nd, Sethuraman and Bae developed an acid-deshielding approach
or TAT. The delivery system involves assimilation of two  com-
onents: (1) chemotherapeutic polymeric micelles – consisting of
olyethylene glycol (PEG) outer shell, with TAT attached to the PEG
nd a hydrophobic core made of poly(l-lactic acid) into which any
hemotherapeutic can be incorporated. (2) The TAT shield – an ultra
H sensitive smart block copolymer PSD-b-PEG (Poly sulfonamide).
hysical mixing of the two components forms the final carrier.

hen the PSD-b-PEG polymer is mixed with the TAT micelles, the

AT peptides get shielded by the PSD of the block copolymer (as
hown in Fig. 4) [188]. When the shielded and unshielded TAT
icelles were investigated for tumor cell internalization at both pH
n the system experiences a decrease in pH (near tumor) sulfonamide looses charge

ceutics and Pharmaceutical Chemistry, University of Utah, USA.

7.4 and 6.6 by incubating for 1 h, unshielded micelles were internal-
ized into both the cells and its nucleus at pH 7.4 and 6.6. However,
the micelle shielded with poly(methacryloyl sulfadimethoxine)-b-
PEG had significantly fast uptake of TAT micelles at pH 6.6 compared
to pH 7.4, indicating shielding at the normal pH and deshielding at
the tumor pH. The confocal microscopy study indicated that the
TAT and its cargo not only efficiently entered into the cells but also
translocated near the nucleus. Further testing of the delivery sys-
tem is underway, using chemotherapeutic agents both in vitro and
in vivo, to evaluate its potential to kill tumors. More recently, Lee
and Bae fabricated acid-induced pop-up TAT micelles (named as
PHSMpop-upTAT) for in vivo nuclear targeted delivery of Dox. The
PHSMpop-upTAT is formed by self-assembly of a mixture of two block
copolymers of poly(l-lactic acid)(PLA)-b-PEG-b-polyhistidine PHis,
TAT and PHis-b-PEG. Then the TAT moieties were anchored on the
micelle surface via a pH-sensitive PHis with a molecular weight of
2 kDa. At pH 7.4, Phis was water-insoluble and thus the TAT was
shielding within the hydrophilic PEG corona shell, preventing the
TAT’s nonspecific interaction with cells. Once at acidic pH, the Phis
became protonated and thus water-soluble, exposing the TAT on
the micelle surface for binding. PHSMpop-upTAT delivered high con-
centrations of Dox in both the cytosol and the nucleus in various
wild and multidrug resistant (MDR) cell lines (3.8–8.8 times lower
IC50 than free Dox, depending on cell line). More importantly, when
tested with the xenografted tumors of human ovarian tumor drug-
resistant A2780/AD, human breast tumor drug-sensitive MCF-7,
human lung tumor A549 and human epidermoid tumor KB in a
nude mice model, all tumors significantly regressed in size by the
Dox-loaded micelles. Results from a series of both in vitro and in vivo
studies strongly support improvement in the treatment of acidic
solid tumors, whether they are drug-sensitive or drug-resistant,
using the targeting nanotechnology enabled by the PHSMpop-up TAT

design [189]. In the future, this design will be extended by using var-
ious anticancer drugs and molecular tools for active internalization
to achieve a general platform for solid cancer chemotherapy.

4. Tumor pH-active ligand-mediated tumor-targeting
delivery

Targeted drug delivery, including ligand-targeted drug deliv-
ery, can enhance the therapeutic index by reducing side effects in
healthy tissues, while decreasing the overall dose by concentrat-

ing the drug in the target tissue. Ligand-targeted drug delivery has
been challenged with the help of some receptors overexpressing in
the cancerous tissue. However, there has not been a receptor that
is expressed on tumor cells exclusively, thus their expression on
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Fig. 5. Schematic diagram showing the central concept of pH-induced vitamin repo-
sitioning on the micelle. While above pH 7.0, biotin that is anchored on the micelle
core  via a pH-sensitive molecular chain actuator (polyHis) is shielded by PEG shell
of  the micelle; biotin is exposed on the micelle surface (6.5 < pH < 7.0) and can inter-
act  with cells, which facilitates biotin receptor-mediated endocytosis. When the pH
is  further lowered (pH < 6.5), the micelle destabilizes, resulting in enhanced drug
release and disrupting cell membranes such as endosomal membrane.
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ource: Adapted from Ref. [194] with kind permission of Y.H. Bae, Department of
harmaceutics and Pharmaceutical Chemistry, The University of Utah, Salt Lake City,
tah.

ormal cells and tissues may  lead to low efficiency and severe tox-
city of ligand-targeted drug delivery [190–192]. Characteristics
f the tumor microenvironment, such as acidosis, are perva-
ive in almost all solid tumors and can be easily accessed.
t is shown that the different extracellular pH value can be
sed to activate/inactivate the receptor-mediated endocytosis on
umor/normal cells. Inspired by this, an acid-activated switch was
ntroduced to receptor-mediated transport nanoparticles [193].
un Seong Lee et al. developed polymeric micelles with pH-induced
igand repositioning on the micelle surface [194]. As shown in Fig. 5,
he core-shell type micelle was constituted from two  block copoly-

er  components of poly(l-histidiene) (polyHis)-b-poly(ethylene
lycol) (PEG) and poly(l-lactic acid) (pLLA)-b-PEG-b-polyHis-
iotin, which was multifunctional; the shorter polyHis block in
LLA-bPEG-b-polyHis-biotin was located at the interface of the
ydrophobic core of PLLA and polyHis and the hydrophilic PEG
hell, due to the high water solubility of neighboring PEG and
iotin. Biotin was selected in this study to demonstrate the proof
f concept. The interfacial polyHis caused PEG chain bending and
he biotin hiding in the PEG shell, derived from the polyHis-b-PEG
lock copolymer. As a result, the micelle was stable above pH 7.2
nd shields the conjugated biotins. However, with the pH lowered
elow pH 7.2, the degree of ionization of polyHis increased. The

nterfacial short polyHis became ionized first and at the critical
egree of ionization its hydrophobic interaction with the core phase
eakened. As a result, the PEG-b-polyHis-biotin portion expanded,

xposing biotin out of the PEG shell. The pH 7.0 seemed the critical
H for this expansion as demonstrated by pH-dependent turbidity
f the micelle solution containing avidin, which was a tetrameric
rotein with four biotin-binding sites. Moreover, when the solu-
ion pH was decreased, the relative transparency of the solution
as gradually reduced to 10% at a pH range of 6.8–6.0. This was due

o the ionization of the polyHis block located in the core and sub-
equent micelle destabilization by ionized polyHis escaping from
he micelle. This process might cause decreased transparency, pre-
umably through certain degree of aggregation of the remaining

LLA-b-PEG block copolymer. In summary, when the environ-
ental pH for the micelle was lowered slightly (Ph ∼7.0; tumor

cidic pH), biotin was exposed on the micellar surface and could
nteract with cells, which facilitated biotin receptor-mediated
iointerfaces 135 (2015) 56–72 65

endocytosis. Further lowering the pH (pH < 6.5), the micelle desta-
bilized, resulting in disruption of the endosomal membrane
and increased cytosolic drug release. The first functionality was
expected to endow tumor pH specificity to nonspecific ligands and
the rest may  help to treat solid tumors that were hard to treat
by conventional chemotherapy (resistant tumors). Recently, DTPA-
shielded T7-modified polyethylene glycol (PEG)-conjugated DGL
(DGL-PEG-T7-hydrazone-DTPA) was used as the platform for gene
delivery (Fig. 6) [195]. DTPA, a hydrophilic molecule, which could
prevent the contact of NPs with normal tissue cell membrane in
neutral conditions, was chosen as the shielding molecule. Peptide
T7 (sequenced by HAIYPRH) was  screened by a phage display sys-
tem on the cells expressing human TfR and has been demonstrated
as a potential ligand for targeting delivery of agents to TfR-
overexpressed tumor cells [196]. Tumor-targeting peptide T7 was
masked by DTPA via a pH-sensitive hydrazone linkage. Accordingly,
in neutral conditions, targeting ligand T7 was shielded to avoid
nonspecific binding. When in the acidic tumor environment, the
hydrazone bond could be hydrolyzed to expose ligands for specific
tumor targeting. In the UV spectra, the absorbance region of DTPA
for DGL-PEG-T7-hydrazone-DTPA disappeared after dialysis at pH
6.5, which indicated a successful deshielding behavior in the acidic
tumor environment. In in vitro cellular-uptake assays, DGL-PEG-T7-
hydrazone-DTPA/pDNA NPs delivered very little pDNA into cells at
pH 7.4, however, more pDNA was internalized into cells at pH 6.5.
Compared with nonshielding NPs, DGL-PEG-T7/pDNA NPs, which
showed efficient gene expression in normal cells and tumor cells at
normal conditions, DGL-PEG-T7-hydrazone-DTPA/pDNA NPs could
reduce side effects on healthy cells and enhance the tumor-
targeting delivery efficiency. This result of the in vivo imaging of
NPs in tumor-bearing mice showed that TfR-mediated endocytosis
for DGL-PEG-T7-hydrazone-DTPA/pDNA NPs may be different from
that for DGL-PEG-T7/pDNA NPs. The rate of TfR-mediated endo-
cytosis in tumors for DGL-PEG-T7-hydrazone-DTPA/pDNA was
slower than that for DGL-PEG-T7/pDNA NPs. Encouraging was
that little signal in normal tissues was shown in mice treated
with DGL-PEG-T7-hydrazone-DTPA/pDNA NPs, which suggested
that TfR-mediated endocytosis may  disappear in normal tissues.
Using hydrazone bonding and DTPA to achieve acid-active ligand-
mediated tumor-targeting delivery strategies may be broadly
applicable for other ligands as well. However, these promising vehi-
cles are only in the basic research phase. In the future, effective
acid-active ligand-mediated tumor-targeting NPs with no appar-
ent cytotoxicity and systemic toxicity should be tested in clinical
trials. The goal is not only for tumor delivery, but also the avoidance
of normal cell uptake.

5. Tumor pH-triggered charge conversion to tumor cell
uptake

In contrast to neutral and negatively charged nanoparticles, pos-
itively charged particles are the most efficient at cell-membrane
penetration and cellular internalization because cationic surfaces
will interact with the negatively charged phospholipid head groups,
proteins and glycans on the surface of cells [197]. The results of HeLa
cell endocytosis of NPs with either a negative or positive charge on
their surface suggest that the exposed charge significantly affects
not only their internalization capability but also the cellular endo-
cytosis mechanism. Negatively charged NPs illustrate an inferior
rate of endocytosis and utilize less the clathrin-mediated endo-
cytosis pathway. On the contrary, the positively charged NPs can

be internalized rapidly via clathrin-mediated endocytosis. When
this pathway is blocked, NPs activate a compensatory endocyto-
sis pathway that leads to even higher accumulation of NPs in cells
[198]. Cationic polymers such as poly(ethyleneimine) (PEI) and



66 L. Sun et al. / Colloids and Surfaces B: Biointerfaces 135 (2015) 56–72

Fig. 6. Acid active receptor-specific peptide ligand-modified tumor-targeting systems for avoiding the uptake by TfR-expressed healthy cells and further amplified tumor
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ource: Adapted from Ref. [195] with kind permission of C. Jiang, Key Laboratory of
f  Pharmacy, Fudan University, China.

oly-(l-lysine) (PLL) have been extensively explored for gene deliv-
ry. They can carry DNA across the cell membrane, control the
olecular motors to actively move along the microtubule net-
ork, and finally enter the nucleus [199]. Thus, these cationic
olymers might serve as cellular-targeted drug delivery carriers for
hemotherapy. However, they contain many primary, secondary
mines and thus are highly positively charged at physiological pH,
ausing strong non-specific cellular uptake in the bloodstream and

 variety of problems in in vivo applications, including rapid clear-
nce from the blood circulation by cells of the MPS, hemolytic
oxicity and hemolysis, formation of holes in the cell membrane
nd toxicity [200]. Therefore, these positively charged polymers

re not favorable as drug carriers for in vivo applications.

Recently a “negative-to-positive charge-reversal” approach for
ationic polymers was developed to employ their cellular binding
roperties for in vivo tumor cell-targeted drug delivery [201–203].
 Drug Delivery, Ministry of Education & PLA, Department of Pharmaceutics, School

The cationic charges (from primary and secondary amines) are
first masked at the physiological pH so that the carriers can
be used for i.v. administration, but once inside tumor cells the
cationic charges are recovered and thus regain cellular localizing
properties. Amides with neighboring carboxylic acid groups show
pH-dependent hydrolysis. At neutral pH, the amides are stable
and negatively charged because of the �-carboxylic acid groups,
while at a low pH, the amides hydrolyze to regenerate the amine
groups to carry cationic charges. To demonstrate this concept, a
model polymer, polycaprolactone-block-PEI (PCL-PEI) was  synthe-
sized [204]. Its PEI block reacted with 1,2-cyclohexanedicarboxylic
anhydride to convert the primary and secondary amines into their

amides (PCL-PEI/amide). The micelles of PCL-PEI/amid showed a �
potential of about −20 mV  at pH 7.4, even up to 60 h, indicating
that they were always negatively charged as a result of the pres-
ence of COOH groups. At pH 6, the � potential was  about + 8 mV.
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Fig. 7. Multiple effects of Pluronic block copolymers in MDR  cells: (1) incorporation
of  Pluronic molecules into membranes and decrease of the membrane microvis-
cosity; (2) induction of ATP depletion; (3) inhibition of drug efflux transporters; (4)
release of cytochrome C from mitochondria and increase in ROS levels in cytoplasm;
(5)  increase of pro-apoptotic signaling and decrease of anti-apoptotic defense in
MDR  cells; (6) inhibition of the glutathione/glutathione S-transferase detoxification
system; and (7) abolishment of drug sequestration within cytoplasmic vesicles.

Source: Adapted from Ref. [213] with kind permission of E.V. Batrakova, Center for
L. Sun et al. / Colloids and Surfac

hen at pH 5, they immediately became highly positively charged
nd gradually reached a � potential of about + 50 mV in almost
0 h. However, the micelles of PCL-PEI were always positively
harged. And in vitro cellular uptake experiments, PCL-PEI/amide
oaded with Dox entered cells faster at pH 6 than at pH 7.4. Fur-
hermore, the micelles of PCL-PEI/amide loaded with Dox showed
o detectable cytotoxicity even at high doses, but significantly

ncreased the antitumor activity of loaded Dox in SKOV-3 cancer
ells. Wang and co-workers designed dual pH-sensitive polymer-
oxorubicin conjugate as a nanoparticulate drug delivery system to
chieve negative-to-positive charge-reversal triggered by the solid
umor extracellular acidity (pH < 7) [205] or lysosomal (pH 4–5)
206]. The nanoparticle was capable of reversing its surface charge
rom negative to positive at tumor extracellular pH (∼6.8) to facil-
tate cell internalization. Subsequently, the significantly increased
cidity in subcellular compartments such as endosomes and lyso-
omes (pH 5.0) further promoted doxorubicin release from the
ndocytosed drug carriers via pH-triggered hydrolysis of hydra-
one bonds linking Dox to the carrier. These dual pH-sensitive
anoparticles have demonstrated enhanced cytotoxicity in drug-
esistant cancer stem cells [207]. In addition, Yang et al. reported
eversibly stealth cationic micelles based on a novel pH respon-
ible benzoic imine linker in the micelle-forming amphiphilic
opolymer for tumor-specific uptake and intracellular drug release
208,209]. The benzoic-imine linker is stable at physiological pH,
artially hydrolyzes at the extracellular pH of the solid tumor, and
ompletely hydrolyzes at the endosomal pH. Meanwhile, at phys-
ological pH, the micellar surface was shielded by the PEG corona,
eading to lower cytotoxicity and less hemolysis, whereas in a mild
cidic condition like in solid tumors, the deshielding of the PEG
hains exposed the positive charge on the micellar surface due to
he generation of amino groups from the cleavage of the imine
ond. The ionization on the surface facilitated the tumor cell uptake
f the micelles through the electrostatic interaction between the
icelle and the cell membrane. Subsequently, at the endosomal

H, with more complete cleavage of the polymer the micellar
tructure dissociated, and the system became quite membrane-
isruptive, indicating an enhanced intracellular delivery capability
ia the endosomal pathway. The amphiphilic “stealth” polycation
s a highly appealing alternative to cell-specific “active” targeting

ethod.

. Potential of nanoparticles to overcome drug resistance

The delivery of drugs through targeted nanocarriers provides an
lternative route to transport drugs into cells. This approach may
llow targeted carriers to bypass the activity of integral membrane
roteins, known as MDR  transporters, which transport a variety
f anticancer drugs out of the cancer cell and produce resistance
gainst chemotherapy [210]. The molecular basis of cancer drug
esistance is complex and has been correlated to elevated levels of
nzymes that can neutralize chemotherapeutic drugs. More often,
owever, it is due to the overexpression of MDR  transporters that
ctively pump chemotherapeutic drugs out of the cell and reduce
he intracellular drug doses below lethal threshold levels. Since not
ll cancer cells express the MDR  transporters, only drug-sensitive
ells that do not or only mildly express MDR  transporters were
illed by chemotherapy, while leaving alone a small population
f drug resistant cells that highly express MDR  transporters. With
umor recurrence, chemotherapy may  fail because residual drug-
esistant cells dominate the tumor population [55]. Among the

DR  transporters, the most widely investigated proteins are: P-

lycoprotein (also referred to as MDR1 or ABCB1); the multidrug
esistance associated proteins (MRPs), of which the most studied
s the MRP1 (or ABCC1); and the breast cancer resistance protein
Drug Delivery and Nanomedicine, Department of Pharmaceutical Sciences, Univer-
sity  of Nebraska Medical Center, USA.

(ABCG2). These proteins have different structures, but they form
a unique defense against chemotherapeutics and numerous endo-
and exotoxins [211].

Pluronic block copolymers have sparked a considerable interest
as potential drug carriers, as they can cause exceeding sensitization
of MDR  tumors to anticancer agents [212]. The biological activ-
ity of these amphiphilic block copolymers is based on their ability
to incorporate into membranes followed by subsequent translo-
cation into the cells and alteration of various cellular functional
functions, such as mitochondrial respiration, ATP synthesis, drug
efflux transport, apoptotic signal transduction, and gene expression
(Fig. 7) [213]. According to this multiple action, pluronics can also
enrich drug transport across the blood brain and intestinal barriers,
and transcriptional activation of gene expression. As an example,
Dox incorporated in mixed micelles of pluronic block copolymers,
termed as SP1049C, had the unique ability to chemosensitize MDR
tumors by inhibiting the P-gp drug efflux system, and enhancing
the pro-apoptotic signaling in cancer cells. Efficacy of SP1049C was
confirmed in in vivo experiments in both sensitive and resistant
tumor models, including P388 and P388/ADR murine leukemia,
Sp2/0 and Sp2/0Dnr murine myeloma, 3LL-M27 Lewis lung car-
cinoma, MCF-7 and MCF-7/ADR human breast carcinomas, and
KBv human oral epidermoid carcinoma. And SP1049C has shown a
very interesting activity as monotherapy in patients with advanced
esophageal carcinoma [213–215].

Ligand-targeted strategies, especially those using receptor-
targeting ligands, may  have particular potential for overcoming
drug resistance because these ligands are usually internalized
via receptor-mediated endocytosis.[216] In order to overcome
multidrug resistance in solid tumors, Dox loaded pH-sensitive
micelles of which surface was  decorated with folate (PHSM/f) were
evaluated both in vitro and in vivo experiments. The PHSM/f exhib-
ited greater inhibitory activity against drug-resistant MCF-7 cells
and/or xenografts than their nontargeted free drug counterparts.
In the drug-resistant MCF-7 xenograft model, the accumulated
Dox level of PHSM/f in solid tumors was  20 times higher than
that of free Dox group, and 3 times higher than that of PHSM
group [217]. Transferrin-conjugated paclitaxel nanoparticles and
transferrin-ligated liposomes containing oxaliplatin are other

examples of ligand-targeted NPs, which exhibited greater anti-
tumor activity than the respective free drugs in drug-resistant
mouse models [218,219]. Combination treatments with targeted
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anocarriers for selective delivery of drugs and MDR  pump
nhibitors also likely address some of the problems posed by resis-
ant tumors. Vincristine-loaded liposomes conjugated to MRK-16
a MAb  against P-gp) have induced an enhancement of the drug
ytotoxicity against resistant human myelogenous leukemia cell
ines, compared to conventional vincristine-loaded liposomes. This
nhanced efficacy was attributed to the inhibition of P-gp mediated
fflux of vincristine by MRK-16 [220].

Drug resistance continues to be a primary hindrance for the effi-
iency of cancer chemotherapy. Novel nanoparticles are rapidly
volving and indeed improve anticancer efficacy on multidrug-
esistant tumors in vitro and in vivo. However, the mechanisms
o overcome MDR  using these nanoparticles are complicated and
ot fully understood. More detailed studies on mechanisms would
elp direct the application of current delivery systems or lead to
he discovery of alternative novel delivery systems.

. Conclusion

The past decade has witnessed an explosive development of
rug-loaded polymeric nanoparticles for enhanced internalization

n cancer therapy. It should be noted, however, that many of these
ovel concepts have to be proved in different animal models and
ventually in human patients. Ultimately the question remains as to
hether these multifunctional targeted NPs demonstrate marked

mprovement in clinical outcomes, which need to be demonstrated
hrough well executed larger clinical trials. Beyond the regulatory
equirements of demonstrating safety, efficacy, quality and cost-
ffectiveness, further challenges of each multifunctional targeted
Ps technology need to be investigated on a case-by-case basis and

hese challenges must be met  in order to harness their tremendous
otential as a new class of targeted therapeutics.
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