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Based  on  the  overexpression  of  specific  receptors  on  tumor  cells,  active  targeting  nanomedicines  have
been  developed  with  the  ability  to efficiently  deliver  imaging  agents  in  the  tumor  area or  anticancer
drugs  into  tumor  cells  via  receptor-mediated  endocytosis.  Nevertheless,  the efficacy  of  single-ligand
nanomedicines  is  still  limited  due  to the  complexity  of  the tumor  microenvironment.  In  recent  years,
dual-ligand  nanomedicines  have  attracted  a lot  of  interest,  because  these  nanomedicines  endowed  with
versatile  functions,  have  the  potential  to improve  the efficacy  of  tumor-targeted  delivery.  In this  review,
an  overview  of various  dual-ligand  nanomedicines  for tumor  targeted  therapy  will  be presented,  the  role
anomedicine
ual-ligand
umor-targeted delivery
umor therapy
eceptor-mediated endocytosis
ell-penetrating peptides

of cell  penetrating  peptides  in combination  with  targeting  ligands  will  be discussed  and  factors  that  affect
the  targeting  efficacy  of dual-ligand  nanomedicines  will be  evaluated.

© 2017  Elsevier  Ltd. All  rights  reserved.
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Scheme 1. Three different types of dual-molecular targeting. (A) Dual-targeting
nanocarriers target one kind of cell (a) that overexpresses receptors for ligand X
or  Y recognition. (B) Dual-targeting nanocarriers simultaneously target cells (a)
that  overexpress one kind of receptor for ligand X recognition and cells (b) that
overexpress another kind of receptor for ligand Y recognition. (C) Dual-targeting
ntroduction

The last few decades have witnessed significant progress in the
evelopment of nanomedicines, showing great promise in can-
er therapy. Anticancer compounds including drugs, genes and
roteins, regardless hydrophobic or hydrophilic, can be well con-

ugated to or incorporated in nanocarriers. When applied in vivo,
anocarriers can enhance the stability of anticancer compounds
y protecting them from biodegradation or excretion, reducing
heir toxicity and enhancing the maximum tolerated dose (MTD)
y changing their systemic distribution, thereby improving the
fficacy of anticancer compounds [1,2]. So far, various kinds of
anomedicines such as antibody drug conjugates (ADCs), drug con-

ugates and nanocarriers for cancer therapy have been approved
y the US Food and Drug Administration (FDA) and European
edicines Agencies (EMA) [2]. In the past years, the major underly-

ng mechanism proposed for nanomedicine based cancer therapy
as passive targeting associated with the enhanced permeability

nd retention (EPR) effect [3]. However, more and more studies
ave revealed that the EPR effect, although present in animals like
ice, plays a less important role in humans due to tumor hetero-

eneity or lack of fenestrations in the tumor endothelium [4,5].
ctive-targeting based on ligand-receptor recognition may show
etter efficacy than passive targeting in human cancer therapy and
everal active-targeting nanomedicines have already progressed
nto clinical trials [6–8]. For example, ANG1005, a novel peptide-
aclitaxel conjugate, shows blood-brain barrier (BBB) penetrating
bility and antitumor activity in metastatic breast cancer (BC)
atients with recurrent brain metastasis (BM) via low-density

ipoprotein receptor-related protein (LRP-1)-mediated transcyto-
is and endocytosis, as demonstrated by a phase II clinical study
9]. Since active targeting is based on the recognition and bind-
ng of ligands to tumor cell surface receptors, the targeting effect
s, of course, affected by the receptor expression. However, It is

ell known that the receptors (surface markers) of tumor cells
hange dynamically with tumor progression [10,11]. In addition,
igand-receptor binding is a saturable process as the recycling
nd synthesis of receptors takes time [12]. It was  also reported
hat different receptors are often upregulated on tumor cells and
rug resistance is often associated with upregulation of alterna-
ive receptors as well as pathway switching between two receptors
13,14]. These factors will affect the delivery efficiency of single-
igand nanomedicines, thereby reducing drug efficacy. Compared

ith single ligand targeting that may  result in uncontrollable and
uctuating targeting efficiency, dual-ligand strategies may  lead to
etter cell selectivity and cellular uptake in cancer therapy. Pre-
linical studies and clinical trials demonstrated that dual-targeted
herapy for several HER2 positive cancers with a combination of
rastuzumab antibody (anti-HER2) and lapatinib (EGFR/HER2 tyro-
ine kinase inhibitor) resulted in better antitumor efficacy than
onotherapy [15–17]. The advantages of using dual-targeting anti-

odies have been introduced in detail by Kontermann [18]. In this
eview we will focus on the design and application of nanosystems
ith dual ligands for tumor-targeted therapy (Table 1). Based on
ifferent combinations of ligands, different effects can be achieved.

irstly, combining two targeting ligands may  improve the selectiv-
ty and uptake of the nanomedicine by specific tumor cells, provide
he possibility to target different cells, which are involved in the
evelopment of the tumor, or achieve both cellular and organelle-
nanocarriers target cells that overexpress one kind of receptor on the cell mem-
brane for ligand X recognition and another kind of receptor inside cells on nuclei or
mitochondria for ligand Y or Z recognition.

specific targeting to realize precise delivery of anticancer agents
to their intracellular therapeutic active site, therefore improving
their antitumor efficacy. The second approach is combining target-
ing ligands with cell penetrating peptides (CPPs) to further enhance
the cellular uptake of nanomedicine to specific tumor cells. In addi-
tion, dual-targeting using one ligand will also be discussed. Other
approaches that aim at the combined use of nanosystems with one
ligand and an external force (magnetic field) to concentrate the
nanosystem in the tumor area [19–24] will not be further discussed
in this review.

Dual molecular targeting

Dual molecular targeting is a strategy in which two ligands are
used to target different receptors which may  be either expressed
on/in one type of cell or on different cells. The ligands used can be
either combined in one molecule, or separately placed on the sur-
face of the nanocarriers. Among these dual-ligand combinations,
the most common ones are those in which a second ligand is com-
bined with either RGD, HA or transferrin, since the latter ligands are
overexpressed on various cancer cells and have been extensively
studied. The combinations of ligands used can be generally classi-
fied into three different types based on the types of targeted cells
and the action sites (Scheme 1). In the first type (Scheme 1A) two
ligands target one kind of cell, which simultaneously overexpresses
two kinds of receptors. The second type of dual-ligand targeting is
that two  ligands respectively target two  kinds of cells (Scheme 1B).
The third type of dual-targeting combines cell membrane targeting
with intracellular organelle targeting (nuclear targeting or mito-
chondrial targeting) (Scheme 1C).

Dual targeting with RGD

Integrins, consisting of an alpha and beta chain, are a family
of transmembrane glycoproteins and play an important role in
cell signal transduction, gene expression, cell proliferation, apopto-
sis, invasion, metastasis, angiogenesis, and tumor progression [96].
The �v�3 integrin is upregulated in both angiogenic endothelial
cells and tumor cells. Cyclic or linear derivatives of RGD (Arg-

Gly-Asp) oligopeptides, which have high affinity for �v�3 integrin,
have been widely studied in tumor-targeted delivery [97–100].
Therefore, combinations of RGD peptides with other ligands for
dual molecular targeting have been frequently investigated. Kluza
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Table  1
Examples of nanocarriers using dual-ligand strategies.

Dual-ligand strategies Targets Carrier Cancer Model Ref.

Dual molecular targeting dual targeting with RGD
RGD/Anginex �v�3 integrin /galectin-1 liposomes HUVEC cells [25]

liposomes B16F10 melanoma (in vivo MRI
imaging)

[26]

RGD/B6 �v�3 integrin/TfR polyplexs DU145 and PC-3 cells [27]
cRGD/Tf �v�3 integrin/TfR hyperbranched amphiphilic

nanoparticles
HUVECs and HeLa cells [28]

RGD/Interleukin-13 �v�3 integrin/ IL13R�2 PEG-PCL nanoparticles HUVECs and C6 cells (in vivo) [29]
RGD/Interleukin-13 �v�3 integrin/ IL13R�2 PEG-PCL nanoparticles C6 glioma cells (in vivo) [30]
RGD/substance P (SP) �v�3 integrin /neurokinin-1 liposomal nanoparticles U87MG and M21  cells (SPECT/CT

imaging)
[31]

RGDS/D(KLAKLAK)2 ���3 integrin /mitochondria chimeric peptide U87MG cells [32]
RGD/estrone ���3 integrin/estrogen receptor hydrogel MCF-7 cells (in vivo) [33]
cRGD/AS1411 ���3 integrin /nucleolin gold nanoclusters U87MG cells (in vivo) [34]
dual  targeting with HA
HA/FA CD44/FR micelles MCF-7 cells [35]
HA/FA CD44/FR micelles MCF-7 cells (in vivo) [36]
HA/FA CD44/FR liposomes B16 and HepG2 [37]
HA/tetrac CD44/���3 integrin solid lipid nanoparticles B16F10 (in vivo) [38]
HA/GE11 CD44/EGFR nanogels SKOV-3 cells and MDA-MB-231 cells

(in vivo)
[39]

HA/Tf CD44//TfR lipid carriers A549 (in vivo) [40]
dual  targeting with Transferrin (Tf)
Tf/TGF� TfR/EGF receptor polyplexes A549 and CHO-K1 cells [41]
Tf/mAb2C5 TfR/nucleosomes micelles A2780 (in vivo) [42]
Tf/FA TfR/FR liposomes C6 glioma cells (in vivo) [43]
Tf/Tet-1 TfR/ganglioside GT1 B receptor polymersomes bEnd.3 and Neuro-2a cells (in vivo) [44]
Tf/EGF TfR/EGFR silica nanoparticles HEK-293 cells [45]
Other  dual molecular targeting
FA/mAb225 FR/EGFR liposomes KB cells [46]
FA/TPP FR/mitochondria pro-apoptotic peptide KB cells [47]
AS1411/TGN peptide nucleolin/TGN receptor PEG-PCL nanoparticles C6 glioma cells (in vivo) [48]
AS1411/TGN peptide nucleolin/TGN receptor PEG-PCL nanoparticles C6 glioma cells (in vivo) [49]
Angiopep-2 /tLyP-1 LRP/neuropilin-1 liposomes U87MG (in vivo) [50]
biotin/HMGB1 biotin receptor/nuclear targeting PAMAM COS7 cells [51]
tLyP-1/Lf NRP-1/Lf receptor PEG-PLA nanoparticles C6 glioma cells (in vivo) [52]
Targeting combined with cell penetrating peptides
RGD/TAT ���3 integrin/cell membrane PAMAM MCF-7 (in vivo) [53]

quantum dot U87MG cells [54]
polymeric micelles MDA435/LCC6 resistant cells [55]
liposomes HepG2 and Hela cells (in vivo) [56]
mesoporous silica nanoparticles HeLa (in vivo) [57]

RGD/R8 ���3 integrin/cell membrane liposomes HUVEC cells [58]
lipopeptides HeLa cells [59]

NGR/STR-R4 CD13/cell membrane liposomes MS-1 and TE cells [60]
NGR/R4  CD13/cell membrane liposomes OS-RC-2 cells (in vivo) [61]
NGR/CPP CD13/cell membrane liposomes HT-1080 cells [62]
Tf/TAT TfR/cell membrane liposomes HepG2 (in vivo) [63]

B16 cells [64]
Angiopep-2/R8 LRP/cell membrane micelles C6 glioma cells (in vivo) [65]
CCK8/R8 cholecystokinin receptors/cell

membrane
liposomes A431 cells [66]

T7/TAT TfR/cell membrane liposomes C6 glioma (in vivo) [67]
Galactose/TAT galactose receptor/cell membrane nanocomplexes QGY-7703 (in vivo) [68]
Aptamer/R8 mitochondrial outer membrane/cell

membrane
liposomes HeLa (in vivo) [69]

FA/TAT FR/cell membrane liposomes KB cells [70]
mAb  2C5/TAT nucleosomes/cell membrane liposomes 4T1 cells [71]

B16-F10, MCF-7 and HeLa cells [72]
Dual-targeting with one ligand
cRGD ���3 integrin on neovascular and

tumor cells
PAMAM HUVEC and B16 cells (in vivo) [73]

PHSCNK �5�1 integrin on neovascular and
tumor cells

liposomes HUVEC and MDA-MB-231 cells [74]

tLyp-1 neuropilin (NRP) on neovascular and
tumor cells

mesoporous silica nanoparticles HUVEC and MDA-MB-231 cells [75]

EGFP-EGF1 (ENP) tissue factor (TF) on neovascular and
glioma cells

PEG-PLA nanoparticles HUVEC and C6 glioma cells (in vivo) [76]

Angiopep-2 low-density lipoprotein receptor-related
protein (LRP) on BBB and glioblastoma cells

upconversion nanoparticles BCECs and U87MG glioma cells (in
vivo)

[77]

PEG-PCL nanoparticles BCECs and U87MG glioma cells (in
vivo)

[78]

liposomes BCECs and U87MG glioma cells (in
vivo)

[79]

carbon nanotubes BCECs and C6 glioma cells (in vivo) [80]
PAMAM C6 glioma cells (in vivo) [81]
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Table 1 (Continued)

Dual-ligand strategies Targets Carrier Cancer Model Ref.

peptide-22 LRP on BBB and glioblastoma cells PEG-PLA Nanoparticle BCECs and C6 glioma cells (in vivo) [82]
apolipoprotein E (ApoE) LRP on BBB and glioblastoma cells nanodisk SF-763 and SF-767 glioma cells [83]

ApoE-based nanoparticles C6 glioma cells [84]
lactoferrin (Lf) lactoferrin receptor (LfR) on BBB and

glioblastoma cells
liposomes BCECs and C6 glioma cells (in vivo) [85]
polymersomes C6 glioma cells (in vivo) [86]
magnetic nanogels C6 glioma cells (in vivo MRI) [87]
superparamagnetic iron oxide
nanoparticles

C6 glioma cells (in vivo MRI) [88]

BSA nanoparticles BCECs and C6 glioma cells (in vivo) [89]
Tf TfR on BBB and glioblastoma cells PEG-PLA-resveratrol

conjugates
U87MG and C6 cells (in vivo) [90]

PCL-PPE and PEG-PCL hybrid
micelle

BCECs and U87MG (in vivo) [91]

magnetic silica PLGA
nanoparticles

bEnd.3 and U87MG (in vivo) [92]

nanoscaled graphene oxide C6 cells (in vivo) [93]
HA CD44 on breast cancer cells and

stem cells
HA-DTX conjugates MCF-7 cancer stem cells and

MDA-MB-231 metastatic breast cancer
[94]
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t al. constructed anginex (Anx) and cyclic RGD peptide (RGD)
o-modified paramagnetic liposomes (Anx/RGD-L), which respec-
ively target galectin-1 and �v�3 integrin on activated endothelial
ells (Fig. 1) [25]. Anx/RGD-L significantly enhanced the cellular
ptake of liposomes, leading to better magnetic resonance imaging
MRI) and inhibition effects for angiogenesis in vitro as compared
o single ligand targeting. In addition, it was found that Anx/RGD-L
iposomes with high ligand density performed better than lipo-
omes with low ligand density. Interestingly, the improvement
ound with the use of a high ligand density is in contrast with the
esults obtained by Laginha et al. who prepared doxorubicin-loaded
iposomes decorated with two different antibodies, �CD19 and
CD20 for human B lymphoma cell targeting [101]. They pointed
ut that a high density of antibodies on the surface of the liposomes
ay  cause steric hindrance for binding to the receptor of cells or

roduce multivalent binding, where one liposome binds to two  or
ore antigens, therefore decreasing the cellular uptake efficiency.

luza et al. stated that the different results in their study as com-
ared to those of Laginha et al. may  probably be explained by the
elatively low molecular weights of Anx (4 kDa) and RGD (0.72 kDa)
s compared to those of antibodies (150 kDa), reducing the interac-
ion between the ligands used [25]. Importantly, a synergistic effect
as observed when using Anx/RGD-L co-modified liposomes while

nly an additive effect was shown using mixtures of Anx-L and
GD-L liposomes, confirming the importance of dual-ligand target-

ng. Based on these promising results in vitro, Kluza et al. applied
nx/RGD-L for angiogenesis-specific MRI  in subcutaneous B16F10
elanoma-bearing mice [26]. The dual-targeting with Anx/RGD-L

isplayed enhanced specificity for B16F10 melanoma endothelium
hich is crucial in MRI  imaging, while it was noticed that the

argeting efficacy of Anx/RGD-L for tumor tissue was lower than
hat of RGD-L, probably because the high density of positively-
harged Anx facilitated the clearance of liposomes from the blood.
hese results reveal that in vivotargeted delivery of dual-targeted
anocarriers is much more complicated than that in vitro, and

mportantly, the in vivo stability (including blood circulation times)
f nanocarriers has great impact on their targeting properties. The
ynergistic effect of dual targeting was also observed in prostate
ancer gene therapy by RGD and B6 co-functionalized polyplexes
27]. By simultaneous recognition of �v�3 integrin and transfer-

in receptors (TfR) on prostate cells, the transfection efficiency of
ual targeting polyplexes was 60-fold and 20 fold higher in DU145
nd PC3 prostate cancer cells, respectively, than that of pegylated
olyplexes. The less pronounced transfection efficiency in PC3 cells
cells
HA-SS-PLGA MCF-7 and MDA-MB-231 breast cancer

cells and stem cells (in vivo)
[95]

is probably due to the moderate expression of integrin receptors,
indicating that the density of receptors also plays an important role
in targeting. Importantly, it was suggested that the reason why
dual-targeting polyplexes exhibited better transfection efficiency
than the mixture of two  single-targeting polyplexes is probably the
synergistic binding of RGD and B6 to their respective receptors to
mediate a more efficient uptake (cellular association is mediated
largely by RGD-integrin binding, whereas uptake is predominantly
proceeding via TfR mediated endocytosis). Besides based on in vitro
results, in vivo targeted delivery by estrone (targeting estrogen
receptor, ER) and RGD peptide co-modified hydrogel which can
self-assemble into short nanofibers with a width of 20 nm demon-
strated a preferential accumulation in a subcutaneous MCF-7 breast
tumor of mice (ER and �v�3 integrin overexpressing) [33].

As is known, angiogenesis is one of the main features in
tumor development, providing nutrition to tumor cells for growth,
invasiveness and metastasis. Therefore, simultaneous targeting of
neovascular cells and tumor cells attracts great interest to achieve
better antitumor efficacy. Xu et al. prepared paclitaxel (PTX)-
loaded nanoparticles (NPs) decorated with RGD and transferrin
(TF) to respectively target human umbilical vein endothelial cells
(HUVECs) and human cervical carcinoma (HeLa) cells, revealing
faster and greater uptake of dual-targeting nanoparticles compared
to non-targeted nanoparticles, leading to higher cytotoxicity in
both cells (Fig. 2) [28]. Different from the first type of dual-targeting,
no synergistic effect in cellular uptake was found using RGD-Tf-NPs
compared with RGD-NPs in HUVECs cells (�v�3

+TfR−) or Tf-NPs in
HeLa cells (�v�3

−TfR+), but a comprehensive effect from target-
ing both cells was achieved, which is also an effective approach in
tumor therapy. Moreover, by combining the first and second type
of dual targeting, interleukin-13 (IL-13) and RGD co-functionalized
polymeric nanoparticles (IRNPs) displayed both strong targeting
to HUVEC cells (�v�3

+ IL13R�2−) and C6 glioma cells (�v�3
+

IL13R�2+) [29]. Using IRNPs loaded with the cytotoxic agent doc-
etaxel (DTX) in orthotopic C6 glioma-bearing mice led to significant
longer survival times than the use of single-targeting nanoparticles
[30].

Another type of dual-targeting with RGD focuses both on cellu-
lar and subcellular levels. Han et al. constructed a chimeric peptide
containing the Arg-Gly-Asp-Ser (RGDS) peptide sequence as the

tumor targeting ligand and the D(KLAKLAK)2 peptide sequence as
a mitochondrion targeting ligand as well as an executioner [32].
After the first step of receptor-mediated endocytosis via the inter-
action of cRGD and �v�3 integrins of U87MG cells, the second step
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Fig. 1. Schematic representation of the experimental setup for the study of Anx and RGD dual-targeting effect. Efficacy of the cellular uptake has been investigated for the
following conditions: (a) culture medium (Control), (b) nontargeted liposomes (Bare-L), (c) Anx-conjugated liposomes (Anx-L), (d) RGD-conjugated liposomes (RGD-L), (e) Anx
and  RGD dual-conjugated liposomes containing high concentration of peptides [Anx/RGD-L (H)], (f) Anx and RGD dual-conjugated liposomes containing low concentration
of  peptides [Anx/RGD-L (L)], (g) mixture of Anx-L and RGD-L containing high concentration of peptides [mixed Anx-L + RGD-L (H)], and (h) mixture of Anx-L and RGD-L
containing low concentration of peptides [mixed Anx-L + RGD-L (L)]. The figure was inspired by Laginha K et al. [101]. Images reproduced from [25] with permission from
the  American Chemical Society, Copyright 2010.

Fig. 2. (A) Schematic representation of the mechanisms by which dual-targeting nanocarriers can deliver PTX to tumor tissues. Passive targeting is achieved by extravasation
of  NPs through the enhanced permeability of the tumor vasculature (EPR effect). Active tumor targeting can be achieved by decoration of nanocarriers with RGD  and Tf that
promote cell-specific recognition and binding. The ligand RGD enhances the targeting migration and accumulation of NPs to the �v�3 integrin-expressing tumor vasculature
and  Tf then improves the cellular uptake of NPs by TfR expressing tumor cells. The cellular uptake of different PTX formulations in HUVECs (B) and HeLa cells (C) at 250 mg/mL
after  1 h and 4 h incubation expressed as geometric mean fluorescence intensity (n = 3). Images reproduced from [28] with permission from Elsevier, Copyright 2011.
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nvolves the targeting of mitochondria by D(KLAKLAK)2 peptide
nd subsequent disruption of mitochondrial membranes, induc-
ng apoptosis of tumor cells. Besides mitochondria, nuclei of tumor
ells are another important subcellular target. Aptamer AS1411,
hich has a high affinity to nucleolin, was co-conjugated to a gold
anocluster-DOX prodrug together with cRGD (AuNC-DOX-cRGD-
pt) (Fig. 3) [34]. Notably, both efficient cellular uptake as well
s nuclear distribution of the prodrug was observed in U87MG
ells (�v�3 and nucleolin positive) after short time incubation,
eading to better antitumor efficacy compared to AuNC-DOX-
RGD in U87MG tumor-bearing mice. This strategy combines both
ell membrane targeting and subcellular compartment targeting,
nabling nanomedicines to act more precisely on tumor cells. The
bove examples all demonstrate the advantages obtained with
anosystems containing RGD and another ligand for dual target-

ng. Nevertheless, Rangger et al. reported that even no additive
ffect was found when using RGD (�v�3 targeting) and substance P
SP, neurokinin-1 targeting) co-functionalized liposomes (Hybrid-
Ps) for targeted delivery and imaging both in vitro and in vivo
31]. The in vitro cellular uptake study showed good binding of
ingle-targeting RGD-LPs to both human melanoma M21  cells
�v�3

+ neurokinin-1−) and human glioma U87MG cells (�v�3
+

eurokinin-1+), and also good binding of single-targeting SP-LPs to
87MG cells, demonstrating the specific targeting effect of either

ingle ligand. However, no improvement of cellular uptake was
ound using the Hybrid-LPs, implying that some problems (such
s ligand density and interactions between ligands) may exist in
he combination of the two kinds of ligands. Weak targeting effects
f nanocarriers in vitro very likely leads to bad performance in
ivo as the in vivo environment is much more complex. Therefore,
he arrangement of the two ligands including position and density
s a crucial issue to be considered when designing dual-targeting
anocarriers, and it is also important to confirm the dual-targeting
ffect firstly in vitro.

ual targeting with HA

Hyaluronic acid (HA), is a natural acidic polysaccharide macro-
olecule composed of N-acetylglucosamine and D-glucuronic acid

isaccharide units present in the extracellular matrix and syn-
vial fluids. Owing to its biocompatibility and biodegradability,
A has been extensively investigated for biomedical applications.

n particular, HA can specifically bind to cluster determinant 44
CD44) that are overexpressed on various cancer cells, enabling
road applications of HA-based nanomedicines in tumor therapy
102–105]. Therefore, dual-targeting with HA also became attrac-
ive to achieve better efficacy. Generally, dual-targeting with HA
an be divided into two categories according to the conjugation
ethods. The most commonly used modification method is conju-

ating another targeting molecule to the HA chain, which has an
bundance of functional groups. Liu et al. constructed FA and HA
ual-targeting micelles by conjugating FA to the −CH2OH groups
f HA (MW  = 11 kDa)-octadecyl (HA-C18) (Fig. 4) [35]. In A549
ung cancer cells (FR−CD44+), FA-HA-C18 micelles exhibited similar
ffects in cellular uptake as compared to HA micelles. In contrast in
CF-7 breast cancer cells (FR+CD44+), more cellular uptake of FA-
A-C18 micelles was found than the uptake of HA micelles after 2 h

ncubation, due to concurrent interaction of the ligands with the
olate and CD44 receptors on the surface of MCF-7 cells. In addi-
ion, multiple endocytosis pathways are involved in the cellular
ptake of FA-HA-C18 micelles in MCF-7 cells [35]. Based on this
tudy, Liu et al. applied PTX-loaded FA-HA-C18 micelles to over-

ome the multidrug resistance in MCF-7/Adr breast cancer since
fficient intracellular uptake of drug may  avoid P-glycoprotein
P-gp)-mediated drug efflux [36]. It was found that PTX-loaded
A-HA-C18 micelles displayed a better MDR  reversal effect in MCF-
 18 (2018) 65–85

7/Adr cells and also improved PTX distribution in tumor tissues
in MCF-7 breast tumor-bearing mice compared with the use of
PTX loaded single-targeting HA micelles, probably because FA and
CD44 receptor dual targeting leads to more efficient cellular uptake.
In another example, tetraiodothyroacetic acid (tetrac), a specific
ligand of �v�3, was  conjugated to HA (∼58 kDa) via an amida-
tion reaction to achieve a dual-targeting effect [38]. DTX-loaded
tetrac-HA co-modified solid lipid nanoparticles (TeHA-SLNs) exhib-
ited synergistic targeting to both tumor blood vessels and tumor
cells, resulting in a stronger tumor inhibition effect than obtained
with the use of DTX-loaded Te-SLNs or HA-SLNs in both a B16F10
(�v�3

+CD44+) melanoma subcutaneous mice model as well as in an
in situ lung metastasis mice model. Interestingly, MCF-7 breast can-
cer cells were used as �v�3

−CD44− negative control cells here. The
inconsistency in the two  studies above with respect to the proper-
ties of MCF-7 breast cancer cells reveals that firstly the expressed
amount of receptors on tumor cells may  vary depending on the
reference cell line used and secondly, the amount and type of
receptors expressed on tumor cells are not constant. Even in the
same cell line, the receptors may  vary due to different cell ori-
gins, in vitro culture methods and time, in vivo tumor progress, etc.
Therefore, besides referring to papers in the literature, it is nec-
essary to determine the expression of specific receptors in a cell
line before these are used for uptake studies. However, the expres-
sion of receptors on cells in vivo is still difficult to monitor due to
the complex tumor environment. Therefore, using a dual targeting
strategy may  decrease the uncertainties involved in single-ligand
targeting. Besides small molecules, peptides can also be conjugated
to HA to achieve synergistic effects. In the study of Chen et al., GE11
peptide (YHWYGYTPQNVI), which has a high affinity to epidermal
growth factor receptor (EGFR), was conjugated to HA via an ami-
dation reaction [39]. The uptake of nanogels with an optimal molar
ratio of GE11 to HA by CD44 and EGFR-positive SKOV-3 ovarian
cancer cells was significantly increased as compared to the uptake
of HA nanogels. After loading with apoptosis-inducing protein
Granzyme B, the GE11/HA nanogels almost completely inhibited
the tumor growth in both CD44 and EGFR-positive SKOV-3 human
ovarian carcinoma and MDA-MB-231 human breast tumor bear-
ing mice, which signifies the important role of dual targeting in
tumor-targeted therapy.

Besides being conjugated to HA, another ligand and HA can also
be attached separately onto a single nano-system. To efficiently
deliver genes to A549 lung cancer cells (TFR+CD44+), transfer-
rin and HA (5 kDa) were both conjugated to PEG-DSPE for the
decoration of a cationic liposomal system (Fig. 5) [40]. Single-
ligand modified lipsomes (TF liposomes or HA liposomes) had
similar gene transfection efficiencies, while dual-targeting lipo-
somes exhibited a much higher gene transfection capacity both
in vitro and in vivo (A549 lung cancer-bearing nude mice). HA can
also be decorated onto positively-charged nanocarriers by electro-
static interaction because of abundant negatively charged carboxyl
groups in its structure. Applying this method, FA and HA (300 kDa)
dual-targeting liposomes based on PEI were developed for simul-
taneous delivery of PTX and DNA to CD44-positive and FR-positive
B16 cells (Fig. 6) [37]. Compared with FA modified liposomes, fur-
ther modification with HA could efficiently prevent aggregation of
positively-charged liposomes in plasma and also protect DNA from
degradation by DNase, leading to significantly improved transfec-
tion efficacy and enhanced cellular uptake.

The studies above reveal that the synergistic effect of different
ligands and HA can be achieved in various ways. However, the sys-
tems to be used should be studied in more detail to achieve better

targeting effects. As is known, carboxyl groups of HA are the recog-
nition sites for HA receptors and hyaluronidase. Slight modification
of the carboxyl groups of HA (less than 25 mol%) retains the high
affinity of HA for its receptors, while with more extensive modifica-
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Fig. 3. (A) Schematic nanostructure of AuNC-DOX-cRGD-Apt, (B) Schematic illustration of the endocytosis process of AuNC-DOX-cRGD-Apt, (C) Time dependent endocytosis
of  AuNC-DOX-cRGD-Apt in U87MG cell lines monitored by confocal microscopy and (D) tumor images isolated from tumor-bearing mice after treatment with saline, free
DOX,  AuNC-DOX, AuNC-DOX-cRGD and AuNC-DOX-cRGD-Apt. Images reproduced from [34] with permission from Elsevier, Copyright 2016.

Fig. 4. Schematic representations for (A) the self-assembling and drug-loading mechanisms of polymeric micelles from FA-HA-C18 graft copolymer in aqueous solution and
(B)  targeting mechanism of HA-C18 micelles (A) and FA-HA-C18 micelles. Images reproduced from [35] with permission from Elsevier, Copyright 2011.
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Fig. 5. (A) Composition diagram of Tf/HA-pDNA NLC and (B) in vivo gene expression results of different systems used for lung cancer bearing mice. Images reproduced from
[40] with permission from Spandidos Publications, Copyright 2017.

Fig. 6. Schematic illustration of the formation of HA/FA/PPD (hyaluronic acid (HA) and folate (FA)-modified liposomes). Firstly, PEI (polyethyleneimine) binds DNA to form
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he  condensed cationic PEI/DNA complexes, which were chosen as the cationic core
n  DSPE-PEG2000-FA-modified liposomes, forming the FA-modified cationic liposo
he  HA coated FA/PPD (HA/FA/PPD) by electrostatic attraction. Images reproduced f

ion, the targeting efficiency of HA may  be reduced [106]. Another
roblem is that ligands may  be partially shielded when conjugated
o the HA chain due to the random coil conformation of HA when
xtending in the solution, resulting in a decreased effective surface
ensity of the second ligand. The shielding effect of HA may  also be
resent when ligands and HA are separately decorated on the same
anocarrier because of the high molecular weight of HA, or when
A is wrapped around nanocarriers. These issues should be consid-
red in designing dual-targeting nanomedicines with HA and other
igands to achieve improved targeting effects.

ual targeting with transferrin

Transferrin (Tf) is a serum glycoprotein that helps transporting
ron through the blood and into cells by binding to the transferrin
eceptor (TfR) followed by internalization via receptor-mediated

ndocytosis [6]. The transferrin receptor is overexpressed in malig-
ant tumor cells (may be up to 100-fold higher than the average
xpression on normal cells) due to the increased requirement of
ron [3], making this receptor attractive for tumor targeting, while
 liposomes. Subsequently, PTX (paclitaxel) and PEI/DNA complexes were co-loaded
A/PPD). Lastly, the cationic FA/PPD was added to the anionic HA solution to obtain

37], open access publication.

dual targeting with transferrin is also expected to achieve better
targeting effects.

Kakimoto et al. introduced Tf and transforming growth factor
alpha (TGF�) onto a polyethyleneimine polyplex (Tf&TGF�-
polyplex) for efficient and specific gene delivery [41]. Optimized
Tf and TGF� densities significantly enhanced the transfection effi-
ciency of the polyplex as compared to single-targeted Tf-polyplex
or TGF�-polyplex in A549 lung cancer cells (TfR+ EGFR+). Inter-
estingly, the transfection efficiency of Tf- and TGF�-polyplex was
almost equal although the expression of the TfR was  more apparent
than that of EGFR in A549 cells, probably because TGF� had a higher
affinity to EGFR than Tf to its receptors. It has also been noticed that
although TfR is overexpressed on Chinese hamster ovary CHO-K1
cells, no Tf receptor-mediated endocytosis was  observed, probably
due to the structural differences of transferrin receptors in Chinese
hamsters from that in humans resulting in low affinity with human
transferrin, indicating the specificity of ligand-receptor binding.

This study also revealed that ligand density, affinity and specificity
for receptors are all important factors that may  affect targeting effi-
cacy. However, because of the complicated tumor environment and
altered blood flow in tumors these factors have to be optimized
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ig. 7. Synthetic strategies used to obtain bifunctional NP-protein conjugates and i
ermission from the Royal Society of Chemistry, Copyright 2016.

n order to achieve satisfactory in vivo targeted delivery. Sawant
t al. designed Tf and mAb  monoclonal antibody (mAb) 2C5 mod-
fied polyethylene glycol-phosphatidylethanolamine (mPEG-PE)

icelles for efficient targeted delivery of a poor soluble drug, R547
a selective adenosine triphosphate-competitive cyclin-dependent
inase inhibitor) to A2780 ovarian carcinoma in vitro and in vivo
42]. With optimized ligand density of Tf and (mAb) 2C5, signif-
cantly enhanced cellular uptake and cytotoxicity in A2780 cells

ere observed compared to single ligand-targeted micelles. How-
ver, the antitumor efficacy of R547-loaded dual-targeting micelles
n subcutaneous A2780 ovarian carcinoma bearing mice was even

eaker than that of single-targeting Tf-micelles. The authors gave
wo possible reasons to explain this phenomenon. Firstly, steric
indrance caused by the bulky structure of mAb  2C5 along with
hat of Tf limits the cellular uptake in vivo. Secondly, the efficiency
f the EPR effect is the rate-limiting step in vivo for the uptake
nd accumulation of R547-loaded micelles in the tumors. Besides
hese two reasons, short circulation times due to dual-ligand mod-
fication [26] and rapid liver uptake of these small sized micelles
13–16 nm)  [107] may  also be important factors resulting in low
fficacy in vivo.

Since TfR is also overexpressed on brain endothelial cells,
umerous studies have demonstrated that Tf-modified nanocar-
iers showed efficient BBB permeation. To simultaneously achieve
ransport across the BBB and glioma targeting, Gao et al. prepared
f and folate (F) dual-targeting DOX-loaded liposomes [43]. It was
emonstrated that Tf modification can inhibit the BBB p-gp efflux
f DOX due to receptor-mediated endocytosis. Surprisingly, dual-
argeting liposomes had a significantly higher transport ratio across

he BBB than Tf-liposomes, while there was no evidence that folate
igands can help to cross the BBB. An in vivo study showed that
he dual-targeting DOX-loaded liposomes had better anti-glioma
fficacy compared to non-targeted DOX-loaded liposomes in ortho-
tion of their characterization with nanoprobes. Images reproduced from [45] with

topic C6 glioma-bearing mice. However, in this study the possible
advantages of the dual-targeting strategy have not been clearly
illustrated, because single-targeted liposomes were not used as
controls and sometimes single-targeting may perform better than
dual-targeting in the complex in vivo environment as demon-
strated in Sawantı́s work [42]. In addition to brain endothelial cells,
TfRs are also found on the plasma membrane of neurons, which,
in principle, provides the possibility to target neurons with Tf-
modified nanomedicine to cure neurodegenerative diseases such
as Alzheimer’s disease (AD) [44]. Tet-1 is a 12-amino acid peptide
which has high affinity to GT1 B receptor on the neurons. Com-
bining the advantages of Tf and Tet-1, significantly higher brain
permeation and uptake was found using Tf and Tet-1 dual-targeting
PEG-PLGA polymersomes (Tf/Tet-1-POs) than single-targeting Tf-
POs or Tet-1-POs. After loading curcumin, which can bind to
amyloid � (A�)  protein, promoting the degradation of deposited
plaques and reducing A�-induced neurotoxicity, Tf/Tet-1-POs sig-
nificantly ameliorated cognitive dysfunction induced by A�1–42 in
mice as compared to curcumin-loaded Tf-POs or Tet-1-POs.

Although improved cellular uptake in vitro or in vivo was found
using the dual-targeting strategy with transferrin in the studies
above, various factors such as particle size, ligand density, ligand
specificity and affinity for receptors may  still affect the targeting
efficiency of dual-ligand targeting nanomedicine. Generally, the
information about these factors has been indirectly obtained by
in vitro or in vivo experiments and the exact reasons for poor
targeting remain unclear since the activities of targeting ligands
after being conjugated to nanocarriers, especially those of pro-
teins with more complicated structures than small molecules,

are usually unknown. Addressing this problem, Giudice et al.
optimized the construction of Tf-HSA or Tf-EGF bifunctional flu-
orescent silica NPs by using different conjugation strategies and
also developed a highly sensitive method that enables simulta-
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ig. 8. (A) The in vivo imaging of DiR-loaded NP, AsNP, AsTNP and TNP in brain gli
B)  Brain and glioma fluorescence intensity at 24 h. (C) The fluorescent intensity r
ormulations. Images reproduced from [48] with permission from Elsevier, Copyrig

eous in situ detection of two surface motifs on the bifunctional
P-protein conjugates [45]. In their study, the maleimide-thiol

eaction and azide-dibenzocyclooctyl (DBCO) click reaction were
mployed to conjugate different proteins to the NPs as shown
n Fig. 7 Surprisingly, excess non-specifically bound protein was
ound after using both conjugating strategies as determined by
odium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
AGE) analysis. Non-specifically bound proteins after conjugation
re usually ignored. However, they may  greatly influence the tar-
eting efficacy as they may  be exchanged by other proteins in the
iological milieu leading to unpredictable behavior or binding to
he receptors resulting in poor uptake of nanocarriers. Fortunately,
ackfilling with PEG (MW  = 5 kDa) of the silica NPs greatly reduced
he amount of non-specifically bound proteins due to displacement
y PEG molecules. Moreover, simultaneous detection of the two
urface motifs on the bifunctional NP-protein conjugates was avail-
ble by using antibody-conjugated, immune quantum dots (QDs)
anoprobes and fluorescence spectrometric analysis. This analysis

ndicated that only 17% of the grafted Tf and 0.6% of the EGF were
ecognizable by the nanoprobes probably due to shielding with the
ong PEG. Noticeably, less EGF was probed than Tf, while the num-
er of bound EGF molecules was higher, probably because some
GF molecules are buried within neighboring large sized Tf or long
EG molecules. Therefore, simultaneous analysis of dual-targeting
anocarriers regarding the binding of non-specific ligands and the
urface concentration of recognizable ligands may  provide a bet-
er insight for optimizing dual-targeting nanomedicine. In addition,
he modification of nanocarriers with ligands combined with PEGy-
ation has to be balanced to achieve optimal targeting effects.

ther dual molecular targeting

Besides dual-molecular targeting in combination with either
GD, HA or transferrin, miscellaneous dual-molecular targeted
anomedicines have been developed. Glioma-targeting is one of

he most important applications of dual molecular targeting. The
trategy for the use of nanomedicines for glioma treatment usu-
lly includes two aspects, i.e. transporting the nanosystem across
he blood-brain barrier (BBB) and targeting to the glioma cells.
earing nude mice at several time points with ex vivo imaging of the brain at 24 h.
f tumor/normal brain (T/N ratio) of the brains 24 h after treatment with different
2.

Receptor-mediated transcytosis by brain endothelial cells is a clas-
sical mechanism for nanomedicines to permeate the BBB [108].
Therefore nanomedicines with dual molecular targeting, which
respectively target brain endothelial cells and glioma cells, have
great potential for effective glioma therapy. A cascade delivery
strategy was  developed by introducing TGN peptide and AS1411
aptamer on DTX-loaded PEG-PCL nanoparticles (AsTNP) [48]. TGN
is a 12-amino acid peptide that has been obtained by in vivo
phage display screening from a 12-mer peptide library. It has been
demonstrated that TGN can facilitate BBB targeting and accumu-
late more particles in the brain compared to unmodified particles.
AS1411 is a G-rich DNA aptamer, which specifically binds to
nucleolin overexpressed on C6 glioma cells. By sequential BBB tar-
geting and permeation of the BBB by the use of TGN and glioma
targeting and penetration by AS1411, these dual-targeted nanopar-
ticles could be used both for precise glioma imaging and effective
glioma therapy (Fig. 8). Although in vivo imaging showed that the
brain fluorescence signal intensity of single-targeting TGN modi-
fied nanoparticles (TNP) was  much higher than that of non-targeted
NP, the non-selective distribution in the brain resulted in poor
glioma imaging. On the other hand, single-targeting AS1411 mod-
ified nanoparticles (AsNP) exhibited better glioma imaging but a
lower fluorescence signal intensity than TNP due to poor BBB per-
meation. Therefore, both BBB and glioma targeting are required
in glioma therapy. Considering that the orthotopic glioma model
is difficult to establish, building in vitro models that mimic the
microenvironment of glioma is of great importance to evaluate
the glioma targeting efficacy of nanomedicine before carrying out
in vivo experiments. Since it has been demonstrated that DTX-
loaded AsTNP are effective in glioma therapy in vivo [48], it seems a
good system for the evaluation of the performance of in vitro mod-
els. Traditional cellular uptake and cytotoxicity studies in glioma
therapy are usually directly carried out on brain endothelial cells
or glioma cells, whereas the in vivo glioma microenvironment
is quite different. Therefore, Gao et al. developed in vitro eval-

uation models in which cellular uptake and cytotoxicity studies
of DTX-loaded AsTNP were performed in a system in which the
nanocarriers first had to pass a bEnd.3 brain endothelial cell mono-
layer before reaching the glioma cells [49]. Major differences were
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Fig. 9. (A) Schematic illustration of co-administration of lactoferrin (Lf) functionalized PEG-PLA nanoparticles with a tumor-homing peptide tLyP-1 for enhanced glioma
targeting and penetration. (B) in vivo fluorescence imaging of nude mice bearing intracranial C6 glioma after intravenous injection with DiR-labeled NP, NP + tLyP-1, Lf-
NP,  and Lf-NP + tLyP-1. The mice were sacrificed 24 h after intravenous injection of nanoparticles with the brains collected for imaging. Red arrows: the tumor site. (C)
Kaplan-Meier survival curve of mice bearing intracranial C6 glioma treated with Taxol, NP-PTX, and NP-PTX with co-administration of tLyp-1, Lf-NP-PTX, and Lf-NP-PTX
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ith  co-administration of tLyP-1 (PTX dose 5 mg/kg, tLyp-1 dose 4 �mol/kg) and s
ith  permission from the American Chemical Society, Copyright 2014. (For interpr

ersion  of this article.)

ound in cellular uptake and cytotoxicity as compared to a system
ithout the presence of a bEnd.3 monolayer. Firstly, the cellular
ptake and cytotoxicity of DTX-loaded nanoparticles in glioma cells
r spheroids were significantly decreased due to the partial reten-
ion of nanoparticles by the bEnd.3 monolayer, which also explains
he possible reason why this nanomedicine has poor anti-glioma
fficacy in vivo. Moreover, the presence of the bEnd.3 monolayer
ill more accurately reflect the functions of different ligands.

or example, without the bEnd.3 monolayer, AsNP had better C6
pheroid penetration ability than TNP due to receptor-mediated
ndocytosis. However, in the presence of a bEnd.3 monolayer, the
ccumulation of AsNP in C6 spheroids was lower than that of
NP because of poor BBB permeation. Combining the two ligands
esulted in a significantly stronger accumulation and penetration in
6 spheroids, confirming the synergistic effect of TNG peptide and
S1411 aptamer in glioma-targeted therapy. Therefore, a suitable

n vitro evaluation method is important to reveal the functions of
ifferent ligands and to provide a good basis for in vivo studies.

To further improve glioma targeting and penetration of
anomedicines, Angiopep-2 and tLyP-1 peptide were conjugated
o liposomes [50]. Angiopep-2 (ANG, TFFYGGSRGKRNNFKTEEY) is

 ligand that targets the low-density lipoprotein receptor-related
rotein (LRP) receptor, which is overexpressed in both BBB and

lioblastoma cells [78]. tLyP-1 peptide (CGNKRTR) is a tumor-
oming peptide which has been demonstrated to be able to mediate
issue penetration through neuropilin-1 dependent C-end Rule
respectively, every three days for two weeks (n = 7). Images reproduced from [52]
n of the references to colour in this figure legend, the reader is referred to the web

internalization [109]. Moreover, vascular endothelial growth fac-
tor (VEGF) siRNA and chemotherapeutic docetaxel (DTX) were both
loaded into liposomes to achieve anti-angiogenesis and apoptosis
effects, respectively. The synergistic effect of Angiopep-2 and tLyP-
1 was demonstrated in cellular uptake studies while evidence of
the synergistic effect in vivo is lacking as single-targeting control
groups were not used. In addition, a subcutaneous U87MG glioma
model may  not be suitable to evaluate the BBB penetration abil-
ity of these dual-ligand liposomes. In another anti-glioma study,
tLyP-1 was  also chosen to enhance the tumor penetration ability of
nanocarriers but in a different way [52]. It was reported that tLyP-
1 can trigger tumor penetration of a co-administered compound
by activating the CendR pathway [109]. In Miaoı́s study, PEG-PLA
nanoparticles (NP) were modified with lactoferrin (Lf), which pos-
sesses dual-targeting ability to both BBB and glioblastoma cells,
and co-administered with tLyP-1 to C6 orthotopic glioma bear-
ing mice [52] (Fig. 9). Compared to PTX-loaded single-targeting
Lf-NP, co-administration with tLyP-1 enhanced the accumulation
and penetration of Lf-NP in glioma, leading to a significant pro-
longed survival time of glioma-bearing mice. Notably, in 3D glioma
spheroids, no increase in the penetration of Lf-NP was found
when tLyP-1 was co-administered, due to lack of expression of the
receptor of tLyp-1, neuropilin-1 (NRP1), on the avascular tumor

spheroids. However, it is reported that NRP1 receptors are over-
expressed on both glioma cells and neovascular endothelial cells
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Fig. 10. Dual-targeting pro-apoptotic peptide to selectively target cancer cells and specifically damage mitochondria to initiate programmed cell death. Images reproduced
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110]. The lack of the expression of NRP1 on C6 glioma cells in this
tudy may  be due to cell line origin or culture method of the cells.

The folate receptor (FR), a 38 kDa glycosyl-phosphatidylinositol-
nchored glycoprotein, is significantly upregulated on many cancer
ells compared to normal tissue [6]. Folate ligands, which have
igh binding affinity to folate receptors, are widely used for tumor-
argeted delivery. However, it is rare that the target receptor is
xclusively over-expressed in target cells alone. To further improve
he selectivity of nanomedicines, folic acid (FA) and mAb225 (a

onoclonal antibody directed against the EGFR) were both deco-
ated on DOX-loaded liposomes and their targeting efficiency was
valuated on FR+ EGFR+ KB cells (human epidermoid carcinoma
ells) [46]. MTT  assay showed that minimal viability of KB cells was
chieved at 400 FA or 6 mAb225 ligands for liposomes with one lig-
nd. Interestingly DOX-loaded dual-targeting liposomes with the
ptimal number of FA and mAb225 (200 FA and 3 mAb225) dis-
layed a much higher cytotoxicity as compared to single FA or
Ab225 modified liposomes with the same number of ligands

s used in the dual ligand approach. That is, dual-targeting DOX-
oaded liposomes with optimal number of ligands exhibited strong
ytotoxicity only to cells expressing both FR and EGFR. The high
electivity was reached because the number of ligands on dou-
le ligand liposomes was suboptimal for efficient uptake of the

iposomes by the cells using one receptor, while an optimal combi-
ation of ligands was reached using the two available receptors on
he cells. Besides using cytostatic drugs (e.g. DOX) to directly kill
umor cells, inducing cell apoptosis is another effective approach
or antitumor therapy. As is well known, mitochondria play a criti-

al role in the cell metabolism and also serve as a control center for
ell apoptosis. Mitochondrial damage will trigger cell death by sig-
aling cascades and mitochondria-dependent apoptosis [111]. To
fficiently target tumor mitochondria, an FA and triphenylphos-
phonium (TPP) containing dual-targeting pro-apoptotic peptide
KLA (DTP) was developed [47]. TPP cation is a mitochondrial tar-
geting agent, which specifically delivers the pro-apoptotic peptide
to mitochondria after internalization by cancer cells (Fig. 10). In FR
overexpressing KB cells (FR + +) and HeLa cells (FR + ), DTP exhibited
much higher cytotoxicity than FA-KLA, demonstrating the mito-
chondrial targeting effect of TPP. Notably, TPP-KLA alone displayed
low cytotoxicity in the two cells due to lack of efficient uptake.
In FR-negative (FR-) normal cell line of COS7 cells, poor cytotoxi-
city was found in all the formulations (KLA, FA-KLA, TPP-KLA and
DTP), suggesting that efficient uptake by FR-mediated endocyto-
sis is an indispensable primary step for mitochondrial targeting of
TPP. Besides mitochondria, nuclei are also important subcellular
targets, especially for DNA delivery. The major barrier for effi-
cient gene expression mediated by polymer vectors is usually the
nuclear transport step. Therefore, Zhang et al. constructed quater-
nary complexes poly(amidoamine) PAMAM/DNA/HMGB1/HB for
efficient DNA delivery to cancer cell nuclei. HMGB1 is a nuclear pro-
tein containing two  nuclear localization signals (NLSs) for nuclear
transport and the biotin coupled to heparin (heparin-biotin) (HB)
specifically targets biotin receptors overexpressed on the tumor
cell surface. Confocal microscopy revealed that both increased cel-
lular uptake and nuclear accumulation of DNA was  found in HeLa
cells treated with PAMAM/DNA/HMGB1/HB as compared with
PAMAM/DNA/HMGB1 and PAMAM/DNA/HB, leading to the highest
transfection efficiency.

Targeting ligand combined with cell penetrating peptides
Since the payloads of nanocarriers such as drugs and genes
exert their actions intracellularly, after arrival of the nanocarri-
ers at the tumor site, they have to pass the tumor cell membrane
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Fig. 11. Tumor accumulation and localization of dual-ligand liposomes (LP) in human renal tumor bearing mice. (A) Schematic illustration of prepared formulations. LPs
were  modified with either PEG, NGR modified PEG or R4. Dual-ligand LP was prepared by modification with both NGR modified PEG and R4. (B) Tumor accumulation at
24  h after systemic administration of formulations labeled with [3H] is represented by%ID/g tissue (the mean ± SD, n = 4). **P<0.01. (C) Images of unfixed tumor tissues
intravenously treated with each formulation labeled with rhodamine (0.5 �mol  lipid/mouse). Tumor endothelial cells were labeled with lectin (green). Arrow heads point
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n  this figure legend, the reader is referred to the web version of this article.)

arrier [112]. Nanocarriers modified with one or more targeting
igands display a more rapid and efficient cellular uptake com-
ared with non-targeted counterparts due to receptor-mediated
ndocytosis. However, the uptake efficacy of nanocarriers by tumor
ells is still limited since the receptors on these cells dynamically
hange with tumor progression [10] and saturation of receptor-
igand binding will occur [56]. The discovery of cell-penetrating
eptides (CPPs) shows great promise in overcoming the cell mem-
rane barrier and significantly enhanced cellular uptake was  found
sing CPP-functionalized nanocarriers [113–115]. However, in vivo
pplication of nanocarriers which are only functionalized with CCPs
s limited since the non-specificity of CPPs may  also induce strong
enetration of normal cells, leading to systemic toxicity [116,117].
oreover, the CPP-functionalized nanocarriers may  be easily rec-

gnized by the RES due to the high density of surface positive charge
118]. Therefore, the use of nanocarriers which are modified with
ombinations of targeting ligands and CCPs at the surface seems to
e an effective way to overcome this problem.

TAT peptide (YGRKKRRQRRR), which is derived from the C-

erminal end of the HIV-TAT protein, is the most widely studied
PP [119]. It has been reported that by conjugating both RGD and
AT peptide to short interfering RNA-quantum dots (siRNA-QD)
onjugates, selective accumulation of QD could be established in a
ission from Elsevier, Copyright 2012. (For interpretation of the references to colour

mixture of �v�3-overexpressing U87 cells and �v�3-lowexpressing
neuronal PC-12 cells, and also maximal internalization and gene
silencing efficacy were achieved, confirming the active-targeting
effect of RGD and the cell-penetrating ability of TAT [54]. Effec-
tive delivery of siRNA was also demonstrated by introducing
RGD and TAT onto a PEG-(PCL-g-spermine) micellar siRNA com-
plex [55]. Compared with single ligand DOX  loaded RGD- or
TAT-micelles, RGD and TAT dual ligand-functionalized micelles
showed significantly enhanced cellular uptake and decreased P-
gp expression in MDA435/LCC6 resistant cells, leading to greatly
increased intracellular DOX accumulation and cytotoxicity. The
mechanism by which TAT can greatly enhance the cellular uptake
of nanocarriers is still unclear, but many studies have suggested
that the electrostatic interaction between the positive residues
of TAT and the negatively charged glycosaminoglycans such as
heparin sulfate proteoglycans (HSPGs) on the cell surface is the
necessary first step before internalization [120,121]. However,
the subsequent uptake pathways for TAT-functionalized nanocar-
riers are diverse most probably due to variation in types of

nanocarriers used, particle size, zeta potential and so on [119].
The cellular uptake mechanisms may  become more complicated
in targeting ligand-TAT co-functionalized nanocarriers, which
may  involve macropinocytosis, clathrin and caveolin-mediated
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Fig. 12. (A) Schematic illustration of DOX-loaded T7 and TAT co-modified liposomes (DOX-T7-TAT-LIP). DOX-T7-TAT-LIP could specifically bind to transferrin receptors
expressed on BCECs and transport across the BBB through a synergetic effect. Then the liposomes could accumulate in the glioma selectively, penetrate into the core region of
the  tumor, and release drugs. (B) Ex vivo images of C6 tumor-bearing BALB/c mice 4 h after injection of DiR-labeled liposomes. (C) Survival curve of the brain glioma-bearing
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ndocytosis [67]. However, whether introducing TAT onto active-
argeting nanocarriers will produce new endocytic pathways or
hange the proportions of different pathways involved is still
nclear since the majority of studies only focused on the uptake
echanisms of dual-ligand nanocarriers, lacking comparison with

ingle-ligand nanocarriers. The in vitro studies have demon-
trated the advantages of combining targeting ligands with CPPs
54,55,69], while more factors should be considered before appli-
ation in vivo since the positively charged CPPs may  result
n rapid clearance of nanocarriers from blood by the RES sys-
em or non-specific penetration to normal cells. In Li’s study,
GDyC and TAT peptide were directly decorated on the surface of
AMAM through N-hydroxysulfosuccinimide-polyethylene glycol-
aleimide (Sulfo-NHS-PEG-MAL) [53]. Although RGDyC and TAT

ual-ligand PAMAM showed increased tumor accumulation com-
ared with single-ligand RGDyC-PAMAM in MCF-7 tumor-bearing
ice, substantial amounts of particles were located in the liver

nd spleen, probably due to the small size (∼14 nm) [107] and
ositive charge (+3.4 mV)  leading to rapid recognition by the retic-
loendothelial system (RES) [122]. In order to make better use of
PPs, several strategies have been developed. Harashima’s group
esigned dual-ligand PEGylated liposomes, in which the target-

ng ligand (RGD or NGR) was attached to the end of PEG and
he CPP, stearylated oligoarginine (STR-RX), was coated onto the
urface of the liposomes. In this way, CPPs can be shielded by

 long PEG layer, while still exerting their penetration ability in
he process of targeting ligand-receptor recognition, which allow
PPs to come close to the surface of the target cells. Using this
trategy, selective and efficient cellular uptake was found in vitro
53,58–60]. Moreover, tumor accumulation of NGR/R4 liposomes
as significantly higher than that of single-ligand NGR liposomes
r R4 liposomes in OS-RC-2 renal carcinoma bearing mice (Fig. 11)
61]. Similar to this strategy, TAT was directly bound to meso-
orous silica nanoparticles (MSNs) while RGD was conjugated to
EG1500 attached to the surface of the MSNs [57]. Enhanced cellu-
duced from [67] with permission from the American Chemical Society, Copyright

lar uptake and nuclear targeting were both achieved by applying
DOX-loaded MSNs-RGD/TAT, leading to almost complete eradica-
tion of the tumor in HeLa cervical cancer bearing mice. However,
direct attachment of TAT peptide to the surface of nanocarriers
may  limit effective interaction of TAT with the cell surface [123].
Therefore, Heı́s group developed PEGylated liposomes, in which
TAT was  conjugated to relatively short PEG2000 and transferrin
(TF) was  attached to PEG3500. In comparison with TF-liposomes or
TAT-liposomes, TF/TAT-liposomes showed a stronger tumor accu-
mulation in HepG2 liver cancer bearing mice [63] or B16 melanoma
bearing mice [64]. Moreover, by conjugating T7 peptide (high affin-
ity for TfR) to PEG2000 and TAT peptide to PEG1000, DOX-loaded
liposomes exhibited strong BBB permeation ability and anti-glioma
efficacy in orthotopic glioma bearing mice (Fig. 12) [67]. The
synergistic effect of a targeting ligand and CPPs has also been
demonstrated with FA and TAT dual-ligand liposomes, in which FA
was conjugated to PEG5000 and TAT to PEG2000, allowing effective
shielding of TAT [70].

Another strategy to hide TAT at the surface of the nanocarrier
is by the introduction of long PEG chains containing stimuli-
responsive bonds [56,66,71,72]. When nanocarriers arrive at the
tumor site, PEG will be removed due to cleavage of stimuli-
responsive bonds, leading to exposure of TAT. Torchilinı́s group
designed antibody mAb  2C5 and TAT co-functionalized liposomes
with long PEG containing matrix metalloprotease 2 (MMP-2)-
sensitive bonds [71] or pH-sensitive hydrazone bonds [72].
However, the promising results of these nanocarriers were only
shown in vitro by either adding MMP-2 or by changing the pH
of the medium to 5.0, which may  not represent the real in vivo
conditions as the concentration of enzymes and the pH in the
tumor microenvironment vary in different types of tumors or in

different regions of the tumor tissue [124–126]. Mei  et al. devel-
oped liposomes functionalized with RGD, TAT and cleavable PEG
containing reduction-sensitive disulfide bonds [56]. Twenty four
hours after intravenous injection of these liposomes into HepG2-
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Fig. 13. (A) Schematic illustrations of multistage liposomes modified with RGD, TAT and cleavable PEG (C-R/T). (B) in vivo fluorescence imaging of HepG2-xenografted nude
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o-modified liposome (N-R/T). +, − represent with or without injection of L-Cys. Im

enografted nude mice, the reducing agent l-cysteine (120 mg/kg)
as also intravenously injected into the mice to cleave the disulfide

onds of PEG and expose TAT, resulting in enhanced accumulation
f liposomes in tumor tissue (Fig. 13).

Since CPPs are positively charged, another feasible approach is to
emporarily protect CPPs with a negatively charged compound by
lectrostatic interaction [65,68]. Gao et al. constructed Angiopep-

 and activatable CPP (ACP) dual-functionalized nanoparticles
AnACNPs) for glioma targeted delivery (Fig. 14). CPP (R8 pep-
ide) was conjugated to a negatively charged EEEEEEEE (E8) via

 matrix metalloproteinase-2 (MMP-2)-sensitive linker PLGLAG.
fter transport across the BBB by low-density lipoprotein receptor-
elated protein-1 (LRP-1) mediated transcytosis, R8 peptide could
e exposed by cleavage of PLGLAG by MMP-2, of which the expres-
ion level is high in the glioma site [127]. DTX loaded dual-ligand
anoparticles displayed a better distribution and deep penetration

n glioma tissue compared with single Angiopep-2 nanoparticles
ACNPs) or R8 nanoparticles (CNPs), leading to significantly longer
urvival times of orthotopic glioma bearing mice. Han et al. pre-

ared DOX-loaded mesoporous silica nanoparticles (MSN) with

 multi-layered positive/negative/positive structure (first layer
s TAT coupled to MSN, second layer is poly(allylamine) modi-
ed with citraconic anhydride (PAH Cit) and the third layer is
 RGD or TAT co-modified liposome (C-R, C-T), the non-cleavable PEG, RGD and TAT
eproduced from [56] with permission from Elsevier, Copyright 2014.

galactose-modified trimethyl chitosan-cysteine (GTC) conjugate)
to encapsulate vascular endothelial growth factor (VEGF) siRNA.
Galactose ligands were conjugated to the GTC outer layer to
facilitate the cellular uptake of the multi-layered nanocomplexes
(MLNs) via galactose receptor-mediated endocytosis in human
hepato-carcinoma QGY-7703 cells. After endocytosis and possible
fusion of the endosomes with lysosomal compartments where the
pH is decreased to 4.0–5.0, nanocomplexes undergo structural dis-
assembly and endosomal/lysosomal escape, releasing siRNA into
the cytoplasm and delivering DOX to nuclei via TAT-mediated tar-
geting [68]. A high tumor inhibition rate (91.3%) was  achieved in
QGY-7703 hepato-carcinoma bearing mice using the multi-layered
nanocomplexes due to efficient delivery of DOX and siRNA.

Besides conjugating CPPs to nanocarriers, encapsulation of CPPs
provides an interesting method to mask CPPs. Yang et al. developed
NGR-functionalized thermosensitive liposomes (TSL) containing
CPP-DOX conjugates in their aqueous interior. CPPs (CKRRMK-
WKK), derived from penetratin, could be activated via a heat
stimulus and was used as the secondary targeting moiety to more

efficiently deliver DOX to nuclei (Fig. 15) [62]. By locally heat-
ing the tumors to 42 ◦C for 30 min, CPP-DOX/NGR-TSL displayed
the best tumor inhibition efficacy in HT-1080 human fibrosarcoma
xenografts bearing nude mice. Although promising, this approach
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Fig. 14. (A) Illustration of the approach using Angiopep-2 and activatable cell-penetrating peptide dual-functionalized nanoparticles for glioma targeted therapy. The cell
penetrating property could be activated by MMP-2. AnACNPs could transport through the BBB and target to glioma because of angiopep-2 could bind with LRP1 that is
expressed on BBB and glioma cells. ACP could be activated in the glioma site owing to the high expression level of MMP-2, which led to improved cell penetrating property.
(B)  in vivo imaging of whole body and ex vivo imaging of brain from mice treated with different DiR-loaded formulations. (C) Survival curve of the brain glioma bearing
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equiring an external stimulus seems only feasible if the tumor can
e locally heated without damaging the surrounding tissue.

The various strategies introduced above combining targeting
igands and CPPs in ingenious ways, resulted in synergistic effects
f targeting ligands and CPPs both in vitro and in vivo. It was noticed
hat besides enhanced cellular uptake, also improved tumor
ccumulation and penetration were observed in various stud-
es using targeting ligand-CPP dually functionalized nanocarriers
53,56,57,61,63–65,67]. Deep tumor penetration of nanocarriers is
ifficult to achieve due to the elevated interstitial fluid pressure
IFP) [128] and dense extracellular matrix (ECM) [129] of tumor
issue, leading to limited antitumor efficacy of nanomedicines. The

echanisms of better tumor penetration achieved by targeting
igand-CPP nanocarriers are still unclear and need to be further
tudied. One possible reason may  be that efficient cellular uptake

reates higher diffusion gradients which enhance the direct trans-
ort of nanocarriers into the tumor [7]. If nanocarriers can’t be taken
p efficiently, they will accumulate near leaky blood vessels after
mages reproduced from [65] with permission from the American Chemical Society,

extravasation. This roadblock effect could hinder the subsequent
accumulation of the carriers at the tumor site [130]. In addition, IFP
and ECM will dynamically change with tumor progression. It has
been reported that in glioma the ECM will be degraded by highly-
expressed matrix metalloproteinases (MMPs), which is required
for glioma invasion [127]. The decreased density of ECM in time
helps to enhance the tumor penetration of nanocarriers especially
for those nanocarriers, which are efficiently taken up by cells.

Besides CPPs, another peptide, iRGD, which contains an RGD
motif with a protease site and a cryptic Cend Rule (CendR) motif
(R/KXXR/K), shows tumor homing ability via binding to �� �3/�5
integrins. Followed by a proteolytic cleavage, the CendR motif
is exposed that binds to NRP-1 and triggers tissue penetration
[131]. Sha et al. constructed recombinant protein anti-EGFR-iRGD
that could target both the EGFR extracellular domain and the

integrin �v�3/�5 It was found that this protein spread exten-
sively throughout both human gastric adenocarcinoma BGC-823
cell spheroids and also through the BGC-823 tumor mass [132].
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62] with permission from Elsevier, Copyright 2014.

n addition, with the combined use of PTX and EGFR-iRGD a bet-
er tumor inhibition effect was witnessed as compared to the
linically-used antibody cetuximab plus PTX in BGC-823 tumor-
earing mice [133]. Interestingly, the co-administration of iRGD
ith nanomedicines was also effective in facilitating tumor pene-

ration of the nanomedicine [134–136]. Co-administration of iRGD
ith PTX-loaded MT1-AF7p peptide modified PEG-PLA nanopar-

icles significantly prolonged the survival time of C6 orthotopic
lioma bearing mice, probably due to enhanced tumor penetration
y iRGD and the active-targeting effect of MT1-AF7p to membrane
ype-1 matrix metalloproteinase (MT1-MMP) overexpressed on
ngiogenic blood vessels and glioma cells [137].

ual-targeting with one ligand

In general, expression of one type of receptor on a particular
ype of cell allows targeting of nanosystems using the correspond-
ng ligand. However, in some tumor microenvironments, one type
f receptor is overexpressed on two kinds of cells and one specific
igand can be used to target both types of cells (dual targeting).
he most frequently used dual-targeting approach with one lig-
nd is to target both neovascular cells and tumor cells. As is
ell known, angiogenesis is required for invasive tumor growth

nd metastasis and constitutes an important factor in the con-
rol of cancer progression [138]. Targeting and inhibiting both
eovascular cells and tumor cells, which overexpress the same
eceptor, with drug laden nanosystems decorated with the appro-
riate ligand may  result in more effective tumor treatment, than
sing systems with a ligand for one type of cell. The most attrac-
ive receptors overexpressed on both neovascular cells and tumor
ells are integrins, which play an important role in cell–cell and
ell-matrix interactions [96]. RGD peptide has a high affinity to
v�3 integrins, making it a good candidate for dual-targeting
oth neovascular cells and tumor cells. Zhu et al. developed RGD
unctionalized PEG-PAMAM-cis-aconityl-doxorubicin (PPCD) con-
ugate and the dual-targeting effect was studied both in vitro
nd in vivo [73]. Compared with non-targeted DOX-loaded PPCD,
OX-loaded RGD-PPCD showed a 1.46-fold increase in uptake in

16 melanoma probably due to efficient uptake of RGD-PPCD by
oth HUVECs and B16 cells, leading to more effective inhibition
f tumor growth. The dual-targeting effect of DOX-loaded RGD-
PCD was confirmed by measuring the immunofluorescence of B16
s for drug delivery to cancer cells under heat-stimulation. Images reproduced from

melanoma tumor sections after treatment with RGD-PPCD, which
showed both apoptosis of neovascular cells as well as tumor cells.
Another integrin-binding peptide which has been used in phase
II trials for cancer therapy is ATN-161 (N-acetyl-proline-histidine-
serine-cysteine-asparagine-amide, Ac-PHSCN-NH2). ATN-161 has
a high affinity for �5�1 integrin, which plays a significant role
in tumor angiogenesis [74]. To achieve both targeting to tumor
angiogenesis and tumor cells, Ac-PHSCNK-NH2, an ATN-161 deriva-
tive, was conjugated to DOX-loaded liposomes [74]. Higher cellular
uptake and cytotoxicity were observed in both �5�1 overexpress-
ing HUVECs and MDA-MB-231 breast tumor cells in comparison
with non-targeted DOX-liposomes, demonstrating that slightly
modified ATN-161 without destroying its core sequence still pos-
sesses high integrin-binding ability. A similar efficacy in both
HUVECs and MDA-MB-231 breast tumor cells was found when
using tLyp-1 peptide-decorated DOX-loaded hollow mesoporous
silica nanoparticles (tHMSN) [75]. tLyp-1 peptide that has been
obtained by screening a phage display library has high affinity for
neuropilin (NRP), which is a modular transmembrane protein and
a receptor for vascular endothelial growth factor (VEGF). NRP is
also highly overexpressed on the surface of both mammary can-
cer cells and tumor vessels. Angiogenesis also plays an important
role in glioma growth and invasiveness. It has been reported that
tissue factor (TF) is overexpressed on both neovascular cells and
glioma cells. EGFP-EGF1 (ENP), a fusion protein derived from factor
VII with special affinity for TF, was used as a carrier for PTX and this
system was applied for glioma therapy [76]. PTX-loaded ENP (ENP-
PTX) significantly prolonged the median survival time of orthotopic
glioma-bearing mice due to the dual-targeting of neovascular cells
and glioma cells in gliomas.

In breast cancer therapy, breast cancer stem cells (BCSCs), which
are resistant to conventional chemotherapy and radiotherapy, are
responsible for the resistance and relapse of breast cancer [95].
Since CD44 is highly expressed on both BCSCs (characterized by the
CD44+/CD24−phenotype) and breast tumor cells, nanomedicines
functionalized with HA, which specifically binds to CD44, may  be
a promising tool to treat breast cancer. Goodarzi et al. showed
that HA-DTX conjugates could be efficiently internalized into both

MDA-MB-231 breast tumor cells and MCF-7 cancer stem-like
cells due to CD44-mediated endocytosis, leading to high cytox-
icity in both cells [94]. It has been reported that the use of a
combination of conventional chemotherapy drugs and anti-CSCs
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ig. 16. (A) The preparation and possible antitumor mechanism of dual-drug (DOX
he  treatment at day 40 in an orthotopic mammary fat pad MDA-MB-231 tumor gr
ay  75. Images reproduced from [95] with permission from the Royal Society of Ch

rugs is a promising strategy for efficient inhibition of cancer.
u et al. constructed hyaluronic acid-cystamine-poly(lactic-co-
lycolic acid) (HA-SS-PLGA) to deliver DOX and cyclopamine (CYC,

 primary inhibitor of the hedgehog signaling pathway of CSCs)
o a CD44-overexpressing MDA-MB-231 breast CSC subpopulation
nd bulk breast cancer cells (Fig. 16) [95]. Importantly, HA-SS-
LGA-DOX-CYC displayed complete inhibition of the tumor growth
n an orthotopic mammary fat pad MDA-MB-231 tumor growth

odel, while the tumor of mice treated with HA-SS-PLGA-DOX or
A-SS-PLGA-CYC still rapidly proliferated after withdrawal of the

reatment, indicating that efficient killing of both CSCs and tumor
ells plays an important role in inhibiting tumor growth.

Glioma differs from other tumors because of the presence of
he BBB. Therefore, ligands possessing both BBB and glioma cell
argeting ability show great promise in glioma targeted delivery
nd therapy. Low density lipoprotein (LDL) receptor related protein
LRP), a member of the LDL receptor (LDLR) family, is overexpressed
n both BBB and glioblastoma cells. Several distinct ligands such as
ngiopep-2 [77–81], apoE [83,84], lactoferrin [85–89], transferrin
90–93] and a peptide that is obtained by phage display screening
peptide 22) [82] have high affinity for LRP. Nanocarriers func-

ionalized with these ligands showed enhanced glioma imaging
nd/or inhibition effects compared with non-targeted counter-
arts. Among these ligands, angiopep-2 attracts more attention as
YC) loaded HA-SS-PLGA nanoparticles. (B) Tumor volume curve after discontinuing
odel. Data are expressed as the mean ± SD (n = 5). (C) Photos of excised tumors at

y, Copyright 2015.

this small peptide is easier to conjugate to nanosystems for instance
via the thiol-maleimide reaction [78,80] than proteins while still
presenting a high BBB and tumor cell targeting ability. Moreover,
using peptides may  be more attractive than using antibodies when
combinations with other ligands are projected since they create
less steric hindrance.

Conclusions

Based on the types and levels of receptors that are overexpressed
on tumor cells and other cells in the specific tumor microenviron-
ment, various dual-ligand nanomedicines have been designed to
gain superior cell selectivity, cellular uptake or tumor penetration
ability, showing great advantages in tumor targeted therapy. From
the studies above, several aspects should be taken into consider-
ation when designing dual-ligand nanomedicines. Firstly, ligand
density, position, affinity with receptors and activity after conjuga-
tion have a great impact on the targeting effect. These factors can
be evaluated and optimized via in vitro studies, providing a reliable
basis for in vivo application. Therefore, determination of receptor

expression on cells and properly designed in vitro studies are very
important. Secondly, when applied in vivo, the first important fac-
tor is the stability of the nanomedicine, which is a prerequisite to
allow the ligands to exert their function at the tumor site. Various
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actors can affect the stability of nanomedicines such as the criti-
al micelle concentration, stimulus-sensitive crosslinking and the
alance between PEGylation and ligand modification (shielding).
owever, although well designed, good targeting efficacy of dual-

igand nanomedicines in vitro may  not necessarily lead to optimal
esults in vivo due to the complicated tumor microenvironment
e.g. dynamically changing expression levels of receptors and com-
etitive binding to receptors from endogenous ligands). Therefore,
ore efforts should be undertaken to effectively monitor the in vivo

umor microenvironment, allowing optimization of the targeting
ffect of dual-ligand nanomedicines. In addition, the underlying
echanisms of the synergistic effect of dual-ligand nanomedicines

hould also be carefully investigated (such as ligand-receptor bind-
ng rate and sequence, and subsequent uptake pathways) to provide

 solid basis for their advantages over simple mixtures of sin-
le ligand nanomedicines. Furthermore, although dual-targeted
anomedicines show promising results in cancer therapy, we
hould realize that their clinical translation is still a formidable
hallenge. Until now, none of the ligand-targeted nanomedicines
ave been approved probably due to two major aspects: ambigu-
us active-targeting effect in heterogeneous human tumors and the
ifficulties encountered in large-scale and reproducible produc-
ion while maintaining the activity of targeting ligands. Therefore,
uture studies should focus more on human tumor biology (e.g. by
stablishing models that are more close to human tumors). Besides,
ore attention should be paid to the design, production and con-

rol aspects of dual-targeted nanomedicines to facilitate possible
linical translation.
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