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Abstract: Cancer cells have characteristics of acquired and intrinsic resistances to chemotherapy
treatment—due to the hostile tumor microenvironment—that create a significant challenge
for effective therapeutic regimens. Multidrug resistance, collateral toxicity to normal cells,
and detrimental systemic side effects present significant obstacles, necessitating alternative and safer
treatment strategies. Traditional administration of chemotherapeutics has demonstrated minimal
success due to the non-specificity of action, uptake and rapid clearance by the immune system,
and subsequent metabolic alteration and poor tumor penetration. Nanomedicine can provide
a more effective approach to targeting cancer by focusing on the vascular, tissue, and cellular
characteristics that are unique to solid tumors. Targeted methods of treatment using nanoparticles
can decrease the likelihood of resistant clonal populations of cancerous cells. Dual encapsulation
of chemotherapeutic drug allows simultaneous targeting of more than one characteristic of the
tumor. Several first-generation, non-targeted nanomedicines have received clinical approval starting
with Doxil® in 1995. However, more than two decades later, second-generation or targeted
nanomedicines have yet to be approved for treatment despite promising results in pre-clinical
studies. This review highlights recent studies using targeted nanoparticles for cancer treatment
focusing on approaches that target either the tumor vasculature (referred to as ‘vascular targeting’),
the tumor microenvironment (‘tissue targeting’) or the individual cancer cells (‘cellular targeting’).
Recent studies combining these different targeting methods are also discussed in this review.
Finally, this review summarizes some of the reasons for the lack of clinical success in the field
of targeted nanomedicines.

Keywords: tumor targeting; nanomedicine; drug delivery; multidrug resistance; cellular; vascular;
tissue; combination treatment; enhanced permeability and retention (EPR) effect

1. Introduction

Cancer is ranked as one of the leading causes of death—second only to heart disease—and
represents a major worldwide health concern [1]. In 2016, over 1.6 million new cases were projected
to occur in the United States alone, along with over 500,000 cancer related deaths [1]. While better
diagnostic, preventive and treatment measures have certainly helped to decrease incidence rates
for some cancers such as those of colorectum and prostate, death rates from cancers of the liver,
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pancreas, and uterine corpus are still increasing despite progress in treatment methods [1]. A growing
understanding of oncogenes and tumor suppressor genes has allowed us to develop newer technologies
and conduct further research on the most efficacious ways to treat cancer [1–3]. The primary and most
efficient form of cancer treatment consists of surgical resection of tumors followed by chemotherapy as
a means of improving therapeutic efficacy and patient survival outcomes [4]. Imaging modalities, such
as ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), and positron emission
tomography (PET) have played a crucial role in locating tumors and cancer metastasis in the body,
which allow for improved implementation of treatments such as chemotherapy and radiation [5]. Novel
treatment modalities like immunotherapy have also been recently approved for cancer treatment [5].
While these treatments have sometimes proven effective at treating cancer, they often have severe side
effects that may be avoided with a more precise and targeted treatment, capable of providing localized
drug payloads to tumor cells while rendering these drugs less harmful to normal cells [5].

Nanomedicine has developed in response to the need for drug delivery methods that
resolve issues with poor drug solubility, nonspecific cytotoxicity, suboptimal pharmacokinetics and
pharmacodynamics, as well as poor bioavailability [4,6–8]. Examples of drug delivery systems (DDS)
include liposomes, polymeric nanoparticles, dendrimers, micelles, mesoporous silica nanoparticles and
gold nanoparticles, among others [9,10]. Moreover, efforts have been made to enhance the therapeutic
efficacy of several chemotherapy drugs by encapsulating them in exosomes, making them novel
natural DDS [11,12]. The design characteristics of the nanoparticles are driven by the application
of such DDSs, including surface charge and modification, shape, mechanical strength and chemical
structure. These design parameters can be easily and conveniently altered, making nanomedicine an
important tool in the treatment of cancer, as well as other diseases [9,10].

DDSs have been designed to accommodate both ‘active’ and ‘passive’ targeting of
cancer [10,13–16]. Passive targeting is a means by which DDS can enter tumors due to enhanced
fenestrations in tumor vasculature and take advantage of the enhanced permeability and retention
(EPR) observed in solid tumors [17]. The EPR effect allows for some selective tumor uptake and
retention of nanoparticles due to the leaky tumor vasculature and poor lymphatic drainage in
tumors respectively [6,7,14]. Surface modifications of nanoparticles using polyethylene glycol (PEG),
for example, can extend the circulation time of nanoparticles in the blood, while reducing the likelihood
of the mononuclear phagocytic system (MPS) recognition and removal of the DDS [18–21]. Various
examples of Food and Drug Administration (FDA) approved liposomal formulations include Doxil,
a pegylated liposomal formulation of doxorubicin, Vyxeos, a liposomal combination of cytarabine and
daunorubicin, and Onivyde, a liposomal formulation of irinotecan [17,22,23].

2. Targeted Nanomedicines

Surface modification of nanoparticles using specific ligand conjugation characterizes active
targeting [10,21,24,25]. For example, specific cell surface receptors, such as transferrin, or folate
receptors are overexpressed on cancer cells, including glioblastoma and breast cancer, among other
types of cancer [26,27]. Nanoparticle surface modification with peptides, aptamers, monoclonal
antibodies and small molecules which bind to the overexpressed receptor may increase cell-specific
uptake via receptor mediated endocytosis (RME), whereby the DDS accumulates inside the target cell
and delivers the drug payload [17,27–31]. Upon encountering the acidic environment of the endosome,
a portion of the cell membrane which envelopes the DDS, transfers the DDS from the extracellular to
intracellular domain, and finally, ligand-receptor complexes dissociate, releasing free receptors, which
are recycled to the cellular plasma membrane [27,32].

Examples of the potential to improve cancer treatment using nanoparticle modifications include a
study by Guo et al which used active targeting in vivo to compare transferrin-conjugated nanoparticles to
their unconjugated counterpart [33]. The conjugated nanoparticles demonstrated better tumor growth
inhibition than non-targeted nanoparticles [33]. Another study by Qin et al. implemented dual cyclic
arginine-glycine-aspartic acid (RGD) peptide and transferrin conjugated nanoparticles, which not only
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targeted transferrin receptors but also penetrated the blood-brain barrier for glioma treatment [34].
Magnetic iron oxide nanoparticles have been used to eradicate tumors by magnetic hyperthermia as well
as allow for imaging of the tumor, an additional application of nanomedicine [35,36]. Such nanoparticles
have been surfaced modified with monoclonal antibodies such as Trastuzumab to target human breast
cancers in vitro and in vivo [37]. Gold nanoparticles have been surface modified with biotin for targeting
due to the increased cleavage of biotin by glutathione—a reducing agent—which is in high concentrations
in cancerous cells. In vivo studies showed a marked 3.8-fold reduction in tumor volume when the
biotinylated nanoparticles were administered in a HeLa cell xenograft tumor model [38].

Various strategies have been employed to selectively destroy tumors including going after
the tumor vasculature, targeting the tumor tissue (or tumor microenvironment), as well as cancer
cell-specific targeting with nanoparticles or combinations of two or more of these approaches. Each of
these approaches to targeting solid cancers have specific considerations in terms of choice of biological
target and nanoparticle design parameters, specifically the surface functionalization with appropriate
targeting ligands. Typically, anti-cancer nanomedicines are administered in patients via an intravenous
infusion and these nanoparticles have to overcome several biological barriers as they traverse through
the body from the injection site to the site of action inside the body. The path that these drugs
follow in the body after injection include circulating in the vascular network, reaching the tumor
vasculature followed by traversing through the large fenestrations in the vasculature into the tumor
tissue microenvironment. Some of the trapped drugs do leak out of the nanoparticles all along this path
and can either passively diffuse across cell membranes or can be internalized via receptor mediated
endocytosis (RME). The receptor-mediated internalization brings the encapsulated drug to the cancer
cells for intracellular action that eventually causes cancer cell death. This path following intravenous
infusion of nanomedicine and the avenues for targeting cancer it provides are illustrated in Figure 1.
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Targeting tumor vasculature is one method for targeting cancer and has been explored by several
groups. By directing therapy towards receptors such as the integrin receptors or vascular endothelial
growth factor (VEGF) receptors that promotes angiogenesis, new vasculature growth can be prevented,
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thereby removing an essential method by which the tumor receives nourishment [39–42]. Hu et al.
found that overexpression of a certain micro RNA that is downregulated in non-small cell lung cancer
cells could decrease the expression of VEGF and significantly decrease angiogenesis [43]. Cancerous
vascularization can also be inhibited through other means, such as the endoglin receptor, as shown
by Toi et al. in 2014 [44]. While vascular level targeting has shown promise, uncontrolled factors
in mouse models such as diet, sex, and genetic background have been unaccounted for in clinical
trials and may be the reason why vascular level targeting has not been as successful in patients as
other methods [42,45]. This of course highlights the need for better cancer models which are more
representative of human disease and its variability.

Targeting the tumor’s microenvironment—at the tissue level—has proven effective in reducing
tumor size, along with preventing pro-cancer behaviors such as angiogenesis. Tumor tissue in solid
cancers typically exhibit an acidic pH relative to non-cancerous tissue due to the build-up of lactic
acid on account of the “Warburg effect” [46]. This difference in pH has been exploited for tumor
tissue targeting by several groups [47,48]. The microenvironment and physical characteristics such
as increased interstitial pressure, as well as reduced nutrient and oxygen availability of tumor cells,
can be harnessed as potential areas of exploitation by therapeutic methods described previously [7].
Specific to cell functioning and signaling there exists a further, more intricate approach of interfering
with cellular processes, characteristic of cellular level targeting, a third way of targeting [49].

Cellular level targeting inhibits pro-cancer cellular pathways by binding targeting cell receptors and
cytokines [49–51]. One particular study highlighting cellular targeting treated late stage gastric cancer
by targeting the IL-6 cytokine, which binds to the IL-6R receptor and triggers a cascade response that
promotes growth and inflammation [52]. By circulating a soluble form of the IL-6R receptor through
the bloodstream to bind to free IL-6 cytokines, promotion of growth and inflammation in cancer cells
was prevented [52]. In another study, Jin et al. developed a remotely triggered system that released
5-fluorouracil, which blocks enzyme activity that is essential for DNA replication [53]. Photodynamic
therapy, a remotely-triggered treatment modality can be used to create a toxic environment in cancer
cells, as shown in one study in which selenium-rubyrin particles were activated by near-infrared (NIR)
light and caused reactive oxygen species to be generated, which produces irreparable damage to the
cancer cells [54]. Induced hypoxia was also believed to be a suitable method for in vitro cancer cell death,
as shown by Steinbach et al. [55]. Recent studies—such as Ammirante et al.—show that tissue injury and
hypoxia may promote cancer progression, however, rendering a single targeting approach ineffective,
encouraging the use of combinational therapy methods [56]. Several studies have shown that irradiated
nanoparticles can produce a hyperthermic effect on cancer cells, including a study where rod-shaped gold
nanocrystals were used to conduct photothermal therapy (PTT) on small cell lung cancer [57,58].

A significant hurdle encountered in cancer treatment is the development of tumor cell resistance
to chemotherapeutic drugs [59–62]. Combining the targeted methods of treatment and using
nanoparticles as DDSs decreases the likelihood that resistant clonal populations of cancerous cells
will propagate by attacking cells with different effector routes [63,64]. The use of more than one
chemotherapeutic drug allows simultaneous targeting of more than one characteristic of the tumor [65].
Targeted combination therapy also allows for a lower dosage of the drugs to reduce cytotoxicity while
maintaining treatment efficacy by inducing synergistic killing and by targeting nanoparticles directly
to cancer sites to avoid death of healthy cells [4,9,17]. In a study conducted in 2014, curcumin and a
platinum drug, cisplatin, which target various parts of the cell’s internal functions and lead to apoptosis,
were co-delivered in polymeric micelles and enhanced cytotoxicity to a cell line that was resistant to the
platinum drug alone [61]. In another study, Yuan et al. showed that synergistically delivering ibuprofen
and doxorubicin (DOX) preventing inflammation, which promotes pathways such as proliferation and
differentiation of cancer cells, and disrupting the cell’s mechanism for replicating DNA [66]. A variety
of different methods of combination therapy have proven to be effective at combating cancer resistance
to chemotherapeutics and decreasing cytotoxicity to healthy cells [6,7,10,63,66]. When administered
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by a nanoparticle DDS, as opposed to free form injection of the drugs, combination therapy is even
more efficient and less detrimental to healthy cells [6,67,68].

This review discusses recent studies that support the use of nanoparticles and combination
treatment for various tiers of tumor targeting—vascular, tissue, and cellular (as shown in Figure 1).
Recent studies describing progress made in the field of targeted nanomedicine towards the goal of
improving cancer treatment methods and, in effect, the possible applications of these combinatorial
DDSs in clinical trials for cancer therapy, are discussed. Finally, some potential reasons for the lack of
clinical success in the field of targeted nanomedicines are also discussed.

3. Targeting Tumor Vasculature

Angiogenesis is critical in the transition of tumors from benign to malignant disease states [69].
The “angiogenic switch” allows for blood vessel growth from pre-existing vessels [6,70]. Blood
vessel growth is critical for solid state tumor expansion in the body for tumor cells to adapt to the
increasing nutrient and oxygen demands of mutated cancer cells, as well as the low pH conditions
and increased interstitial pressure found in the tumor cell environment [45,71,72]. Hypoxia causes
transcription of cellular hypoxia inducible factor (HIF), which in turn increases proangiogenic proteins,
such vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and tumor
necrosis factor-α (TNF-α) [42]. Replication of in vitro studies of therapeutic anticancer agents in vivo
are plagued by the heterogeneous nature of the tumor microenvironment and subsequent failures in
effective treatments [26]. In vivo barriers such as the vascular endothelium interfere with intravenous
chemotherapeutics by reducing the permeability and direct cellular effects [69]. The endothelial cells
which line blood vessels are key targets in disease processes such as cancer, as well as inflammation,
ischemia, and thrombosis, among others [73]. Endothelial cell surface markers such as peptidases and
cell adhesion molecules (CAM) are key targets for anticancer therapies [69]. Nanoparticles can bind to
these cell surface markers and allow for cell membrane penetration and release of the chemotherapeutic
payload encapsulated in the DDS [69]. The endothelium is an advantageous site of targeting due to its
increased accessibility compared to circulating bodies such as tumor cells [69].

A major challenge associated with tumor vascular directed therapies is the risk of serious side
effects in traditional intravenous chemotherapy treatment [29,31,74]. The synthesis and testing of more
effective and less toxic nanomedicines have been investigated in vitro and in vivo, as well as in clinical
trials. Humanized monoclonal antibodies, such as bevacizumab, matrix metalloprotease inhibitors, and
small molecule tyrosine kinase inhibitors are examples of compounds used to target angiogenesis [75].
For example, bevacizumab free drug has implications such as poor patient compliance due to the
dosage frequency and drug resistance, however in the encapsulated form, there is sustained slow
delivery of the drug and increased time between administrations, making the nanoparticle form more
desirable [76]. Bevacizumab has also demonstrated promising synergistic response when combined
with CRXL101, the nanoparticle form of camptothecin, in preclinical models [77,78]. CRLX101 in
the nano form has a half-life of nearly 24 h, compared to a mere 2 h as a free drug, resulting in
prolonged drug exposure and further emphasizing the significance of encapsulating drugs [78].
As a monotherapy treatment for platinum-resistant ovarian cancer in preclinical studies, CRLX101 is
effective at maximum tolerated dosages, however frequent low-dose CRLX101 given in combination
with bevacizumab yielded superior tumor reduction and minimal toxicity when compared to both
drugs given as monotherapies [77].

Vascular targeting has the advantage of acting upon the tumor microenvironment by interfering
with cancer cell angiogenesis by inhibiting vascular endothelial growth factor receptor and targeting
αvβ3 integrin by RGD peptides, an amino acid sequence consisting of Arg-Gly-Asp [79]. Integrins
are cell adhesion receptors that bind and activate matrix metalloproteases (MMP-2), regulate cell
attachment, spreading and migration [80]. Ligated αvβ3 integrins prevent apoptosis in cells and are
integral in the process of angiogenesis. RGD-based sequences conjugated to the surface of nanoparticles
can target and bind to αvβ3 integrins [26]. RGD conjugated nanoparticles are unique because they
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target in a dual manner whereby first pass is endothelial cells followed by subsequent extravasation
and uptake by tumor cells as a secondary pass, thus enhancing the delivery of drugs into the tumor [81].

A study by Murugan used polyacrylic acid chitosan surface-modified mesoporous silica
nanoparticle (MSN) to deliver topotecan (TPT) and querceptin (QT) to triple negative breast cancer
cells (TNBC)(MDA-MB-231) and multidrug resistant breast cancer cells (MCF-7) [65]. RGD-peptide
was grafted to the surface of the nanoparticles in order to target the αvβ3 integrin. In vitro and in vivo
studies were carried out to assess cellular uptake and viability [65]. Both cellular uptake by cancer cells
and release of encapsulated drugs were enhanced by the RGD-peptide, via integrin receptor mediated
endocytosis and the acidic pH of the intracellular environment, respectively [65]. Molecular and
structural changes of cellular endoplasmic reticulum, nucleus and mitochondria, as well as synergistic
antiproliferative effects and cell death, were observed in both cell lines. MDA-MB-231 cells had
higher cytotoxicity effects, approximately 88% cell death, while MCF-7 cells had 63% cell death [65].
The difference suggested that receptor mediated endocytosis in the overexpressed integrin receptor
may have caused the varied cytotoxic effects between cell lines [65].

Albumin-based nanoparticles targeting the αvβ3 integrin receptor, combined with photodynamic
therapy (PDT), can improve the therapeutic efficacy of anticancer drugs when compared to
conventional monotherapy [39,82,83]. Tumor-targeted multifunctional albumin-based nanoparticles
prepared by drug-induced self-assembly were used in a study by Chen et al. to treat U87 human
glioblastoma cells in vitro and in vivo [84]. Albumin-based nanoparticles are biocompatible, abundant
and provide an alternative method to drug delivery [82,85,86]. Paclitaxel, a chemotherapy drug,
binds to human serum albumin (HSA) and causes aggregation and self-assembly of nanoparticles [87].
This study used a photosensitizer, chlorin e6 (Ce6), which is a chelating agent for manganese-II,
Mn2+, that enables magnetic resonance imaging (MRI), and acyclic Arg-Gly-Asp (cRGDyK) peptide,
a targeting agent for αvβ3 integrin, which is overexpressed on tumor angiogenic endothelium. Two
types of tumor-targeting theranostics were designed by (1) simultaneous coassembly of HSA-Ce6
and HSA-RGD forming HSA-Ce6-PTX-RGD-1 and (2) formation of HSA-Ce6@HSA-RGD core-shell
structure, or HSA-Ce6-PTX-RGD-2. Nanoparticles were formed using Paclitaxel (PTX) to cause
self-assembly by albumin aggregation, resulting from the hydrophobic interactions between PTX and
the hydrophobic domain of HSA. Synergistic killing of cells using PDT by accelerated endosomal
escape of drugs and Mn2+ MRI tracking were both utilized in this study [87].

U87 cells were incubated with HSA-Ce6-PTX, HSA-Ce6-PTX-RGD-1, or HSA-Ce6-PTX-RGD-2.
Confocal imaging and flow cytometry showed more fluorescence with Ce6 in RGD-1 and RGD-2
compared to HSA-Ce6-PTX. RGD-1 and RGD-2 demonstrated effective molecular targeting of the
αvβ3 integrin overexpressed on tumor cells, as shown in Figure 2. The cytotoxicity of PTX was the
same in free PTX, HSA-PTX, and HSA-Ce6-PTX, therefore the chemotherapeutic efficacy of PTX was
not affected in the experiments. RGD-1 and 2 both showed significant increased killing due to the
specific recognition of αvβ3 integrin by RGD. There was also a synergistic effect found when cells were
treated with PDT and chemotherapy compared to PDT or chemotherapy alone. The specific binding of
RGD nanoparticles to tumor cells was validated by higher tumor accumulation of RGD nanoparticles
when compared to HSA-Ce6-PTX without RGD and Ce6. Ex vivo fluorescence imaging intensities for
RGD nanoparticles were also 2.4 times higher. HSA-Ce6-PTX-RGD-1 with chemotherapy and no light
exposure yielded short-term growth inhibition of cells, while addition of 660 nm light therapy caused
complete inhibition. Mice treated with combination tumor-targeting survived 40 days, while other
treatment groups lived 15–30 days [87].

The dual modeling imaging capabilities of this study in addition to the biocompatibility of
albumin-based, tumor-targeted nanoparticles is an example of how chemotherapy and PDT synergism,
along with visualization of treatment effect, can improve the success of cancer cell targeting and
localized treatment [87].

Vascular level targeting is advantageous due to the extent of distribution of nanoparticles in the
bloodstream and the bioavailability of targeted nanoparticles which have characteristics of extended
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circulation time and evasion of the RES and macrophages. The large distribution of vascular targeted
therapy comes with the cost that nanoparticles may not reach the cancer tissue cells effectively.
The inhibition of blood vessel growth and normal wound healing can also present dangerous health
impairments to patients on such treatments. The conditions of the tumor microenvironment, or tissue
level, are more advantageous as nanoparticles can be more cancer specific and penetrate the tumor for
improved drug payload delivery.
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Figure 2. In vitro results for relative cell viabilities in (A) U87 cells treated with various formulations
after 30 min incubation, followed by washing and reincubation in free medium for 48 h, followed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT, assay, and (B) cell viability related
to exposure to light irradiation at 660 nm (2 mW/cm2, 0.5 h), whereby photodynamic therapy was
followed by rinsing in PBS and reincubation for 24 h, followed by the MTT assay. In vivo results for (C)
and (D) tumor volume and morbidity free survival, respectively, comparing treatment groups with or
without light irradiation and RGD peptide. The treatment group which had both light irradiation and
incubation with nanoparticles encapsulating both ceramide and paclitaxel with RGD peptide surface
modification displayed longest morbidity free survival and smallest tumor volume. Reproduced with
permission from [87], Copyright ACS, 2015.

4. Targeting the Tumor Microenvironment

One of the limitations of the existing treatments is the inability of the drugs to reach the deeper
layers of tissue [88]. A few distinctive characteristics observed in cancerous cells such as low pH,
enhanced glycolysis can be utilized in detection of tumors or delivering drugs to the tumor sites.
pH is used as a marker to detect malignant cells and pH on the surface of tumor cells is lower than
extracellular pH in healthy and tumor tissue [89–91].

Targeting via acidity-triggered nanoparticles in tumor tissue, Tapmeier et al. designed a detection
system using pH low insertion peptides (pHLIPs) tagged with fluorescent Alexa546, that were
found to be accumulated in tumors of pH less than 6.7 in 4T1 breast cancer cells implanted in
BALB/mice [89,92,93]. With the rise in hydrophobicity of carboxyl groups, pHLIPs become protonated
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in low pH conditions causing insertion of peptide into the cell membrane [89,94]. On the other hand,
Yu H. et al. investigated a combinatorial approach to deliver drugs to the tumor sites with low pH
in 4T1 breast cancer model. Triple-layered micelleplex was used to deliver hydrophobic cisplatin
and siRNA [95]. pH sensitive triblock polymer, PEG-b-PAGA-b-PDPA was chosen as the carrier
where, in acidic environment, poly(2-(diisopropylamino)ethyl methacrylate), PDPA dissociates due to
protonation of tertiary amine and releases the cargo at pH < 6.3 [95].

A study by Wu et al. showed that 84.94% of methotrexate (MTX) was released from Fe3O4MgAl-
LDH (layered double hydroxide) nanoparticles of ~230 nm in the tumor with pH of 3.5 within 48
h. With the dosage of Fe3O4MgAl-LDH nanoparticles, higher antitumor activity was observed in
HUVEC, MCF-7 and HepG2 cell lines [47]. In order to achieve a controlled release of the drug, research
group of Wu J. et al. shielded Fe3O4@SiO2-DOX with chitosan (CS) [47]. These nanoparticles of 63
nm in size released 86.1% of DOX in pH conditions of 4.0 over 48 h where the release profile tracked
Higuchi model. Significant antitumor activity was noticed in HepG2 cells [47].

Findings by Zhang H. et al. showed that conjugation of DOX to TiO2@Fe3O4/PEI nanoparticles
via N-Fe-O coordination bond releases DOX at a rate of 86.4% at pH 5.2 while 15% at pH 7.4 over 24
h. This indicates the sensitivity of the coordination bond to lower pH conditions. A combination of
this nano-formulation, along with laser irradiation, exhibited a tumor inhibition rate of 80% in S180
tumor (human liver cancer) mice models [96]. TiO2 is a safer nanoparticle with less toxicity in vitro
and in vivo, while Fe3O4 is FDA approved nanomaterial with high biocompatibility. Fe3O4 used in the
study increased the photo catalytic activity of TiO2 [47,96–101].

Another setback with the current chemotherapy that targets cancer tissue is multidrug resistance
(MDR). Increased expression of P-glycoprotein (P-gp) promotes the drug efflux, thus leading to poor
intracellular retention of the drug. In order to overcome MDR, strategies employing nanoparticles
(NPs) of suitable size and shape that can be retained in the tumor have been designed.

Chen et al. created nano drug delivery systems that release the drug in the tumor micro
environments after they undergo a physiological change in their shape [102]. The spherical micelles
in the presence of matrix metalloproteinases (MMPs) in the tumor transform into a nano-fiber
causing increased accumulation of the drug in the tissue. These nanomicelles (HA-MSDOX-KLA)
constitute hyaluronic acid (HA), MMP substrate conjugated to doxorubicin and a pro-apoptotic peptide
(KLAKLAK)2, referred as KLA in the article [102].

The strategy of this study was as follows: MMP substrate in micellar NPs is cleaved when surrounded
by higher levels of MMPs, thus increasing the hydrophobicity of the particles. Nanofibers are then formed
and KLA peptide is released. HA-MSDOX-KLA micelles functionalized with HA, had a diameter of
38.2 ± 3.7 nm as observed in transmission electron microscopy (TEM). When exposed to MMPs, the
nanofibers thus formed had a diameter of 30–40 nm and were 200–300 nm long. To understand the
active tumor targeting these NPs were incubated with MCF-7 (breast adenocarcinoma), MCF-7/ADR
(multidrug resistant breast adenocarcinoma) and Cos-7 cell lines for 6 h. Significant red fluorescence due
to DOX was found in MCF-7/ADR and MCF-7 cell lines as shown in Figure 3A,B.

Mean fluorescence intensity (MFI), as shown in Figure 3C, indicates that the uptake of
HA-MSDOX-KLA and free DOX was higher in MCF-7 cells while in MCF-7/ADR, higher uptake
of HA-MSDOX-KLA and a significantly low amount of free DOX was seen. The low fluorescence
intensity due to free DOX in MCF-7/ADR explains that the P-gp pumped out the free DOX while
retaining the nanofibers. The higher uptake of HA-MSDOX-KLA by CD44+ tumor cells via receptor
mediated endocytosis is facilitated by active targeting of HA peptide.

MFI of HA-MSDOX-KLA increased 6.5-fold in MCF-7/ADR cells after 6 h and a 9.6-fold increase
was observed after 12 h compared to free DOX. Bio-TEM images of MCF-7/ADR cells further
confirmed the uptake of the transformed and non-transformed NPs. As shown in Figure 3D, after
6 h of incubation, mitochondria were intact while the particles were micellar shaped. But after
24 h, the mitochondrial cristae were deformed and the nanoparticles assumed fibrous structures as
shown in Figure 3E. This explains the phenomenon in which MSDOX was cleaved and released KLA
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peptide, which in turn triggered apoptosis leading to mitochondrial deformation degrading ATP levels.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay results demonstrate that
MDR factor of HA-MSDOX-KLA was significantly lower than the free DOX confirming the anti-MDR
effect of the nano formulation.

In vivo studies performed in MCF-7/ADR tumor bearing mice showed that higher DOX
internalization was seen in HA-MDSOX-KLA treated mice compared to HA-MSDOX and free DOX dosed
mice as shown in Figure 3F. Apoptosis and maximum number of non-dividing cells were observed in
mice treated with HA-MSDOX-KLA compared to the other groups. Tumors from MCF-7/ADR mice were
collected after 16 days of treatment. The tumor weights when measured indicate a significant decrease in
the group treated with HA-MSDOX-KLA compared to others, as shown in Figure 3G. The tumor-triggered
nano-formulation resulted in increased intracellular retention of the drug through its morphological
transformation. This study provided an efficient method to combat drug resistant tumors [102].
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Figure 3. Confocal laser scanning microscopy (CLSM) images of (A) MCF-7 and (B) MCF-7/ADR cells
treated with HA-MDSOX-KLA after 6 h. Scale bar: 30 µm. (C) Mean fluorescence intensity of DOX
internalized by MCF-7 and MCF-7/ADR cells when treated with free DOX and HA-MDSOX-KLA.
(D) Bio-TEM images of MCF-7/ADR treated with HA-MDSOX-KLA after 6 h and (E) 24 h. M represents
the mitochondria, the red circle showing the nanoparticles, while the blue circle shows the nanofibers.
Scale: 500 nm. (F) Accumulation of DOX in tumor after intravenous administration of all formulations
with 2 mg/kg of DOX. (G) Representation of tumor weights; each treated with different formulations.
Reproduced with permission from [102], Copyright ACS, 2016.
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5. Cellular Level Targeting

Expression of cell markers which are indicative of proliferating cells are a means by which cellular
targeting can be utilized and visualized in vivo for diagnosis and staging. Particular cell markers,
signaling pathways, cell surface receptors, such as folate, transferrin and epidermal growth factor
receptor (EGFR), as well as stem cells, immune cells, stromal cells, and fibroblasts, may be used for
targeting as they are either upregulated, downregulated or mutated in rapidly dividing cells during
cancer [18,81,103–106]. Cellular targeting can be direct, indirect or combination as we discuss here
using specific studies and conglomerations of works cited in literature reviews.

5.1. Direct Cellular Targeting

The higher level of specific receptors on tumor cells surface compared to normal cells make it
plausible to design functionalized nanoparticles that can specifically bind to these overexpressed
receptors. Folate and transferrin receptors stand out the most since several tumors show higher levels
of folate and transferrin [24,27,107–109].

A study by Dhule et al. discussed the combined effect of liposomal encapsulation of curcumin
(Cur) and C6 ceramide on osteosarcoma (OS) cell lines, MG-63 and KHOS OS, and non-cancerous,
untransformed primary human cells (human mesenchymal stem cells (MSCs)). Curcumin is a
hydrophobic drug characterized by potent anticancer effects such as tumor initiation blockage,
suppression of tumor progression, inhibition of invasion and metastasis by acting on vascular
endothelial growth factor, cyclooxygenase, matrix metalloproteases, among others. C6 ceramide,
a sphingolipid, is another anticancer agent which contributes to curcumin mediated cell death because
of its role cell cycle arrest, apoptosis, growth inhibition and senescence. Modification and targeting
of liposomes with polyethylene glycol (PEG) and folate (FA), respectively, is a desired drug delivery
system (DDS) of hydrophobic compounds such as curcumin and C6 ceramide because of the longer
plasma life of the drugs systemically and specific drug delivery to osteosarcoma cells which overexpress
folate. OS, an extremely aggressive form of bone cancer, is characterized by high heterogeneity in
the tumor cell environment which leads to challenges in treatment caused by variable antigenicity,
chemo-sensitivity, growth rate and karyotype. The use of this combined drug therapy which provides
targeted delivery is of significant clinical importance in effective treatments of OS [104]. The effects
of curcumin, C6, and C6-Cur liposomes on MG-63, KHOS, and MSCs showed greater cytotoxicity
in MG-63 cells when treated with C6-Cur liposomes compared to C6 and Cur liposomes. KHOS
cells were 1.5 times more sensitive to C6-Cur and C6 liposomes compared to Cur liposomes. MSCs
were resistant to Cur due to the characteristic of nonmalignant cells to arrest in G0 phase reversibly
with no apoptosis occurring. MSCs showed a higher resistance to C6-Cur liposomes at increased
concentrations, thus potentially providing better therapeutic ranges for treatments with less toxicity.
Cell growth rate determines the uptake of liposomes into cells and subsequent drug efficacy. Cell cycle
assays on KHOS cells showed that curcumin liposomes induced cell cycle arrest in the G2/M stage by
increased upregulation of cyclin B1, while C6 liposomes induced G1 arrest by downregulating cyclin
D1 and C6-Cur liposomes induced G2/M cell cycle arrest with combined effects on the expression
levels of cyclins B1 and D1. In vivo testing using human xenograft osteosarcoma assays revealed
significant decreases in tumor size with C6-Cur-FA liposome treatment, compared to other Cur and C6
liposomes [104]. The results of the study are presented in Figure 4 below.
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Figure 4. The results of cell viability testing in (A,D) KHOS, (B) MG-63 and (C) MSCs cell lines
show that C6-curcumin liposomes are significantly more effective in killing cancer cells compared
to other formulations tested, including single drug loaded liposomes and empty liposomes. Folate
targeted C6-curcumin liposomes were also tested in (D), yielding a similar cell viability trend as
non-targeted C6-curcumin liposomes. Liposomal uptake studies shown in (E) display fluorescence due
to C6-curcumin over 6 and 12 h. Tumor volume was significantly decreased in (F) by treatment with
C6-ceramide-folate liposomes. Reproduced with permission from [104], Copyright ACS, 2014.
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The use of Cur for MDR reversal by decrease in the expression and function of P-glycoprotein,
as well as induction of caspase dependent and independent apoptosis in combination with C6 ceramide
provides a treatment for solid OS tumors which could overcome heterogeneous cellular resistance
to drug efficacy [104]. Liposomal drug delivery of these anticancer compounds provides a means to
protect water-insoluble drugs from enzyme degradation during systemic circulation and inside the
cell. Improved drug efficacy and circulation time within the body with fewer side effects due to the
targeted combination therapy as presented in this study further provides better treatment possibilities
for drug resistant cancer types [110–113].

Another study used a folate analog, methotrexate (MTX) codelivered with mitomycin C (MMC) by
conjugation to PEGylated chitosan nanoparticles [114]. MMC inhibits DNA replications by interfering
with DNA synthesis and nuclear division, while MTX impedes nucleic acid biosynthesis by reacting
with dihydrofolate reductase. Thus, MTX not only inhibits metabolism of folic acid but also enters
cells through a similar mechanism as folic acid thereby targeting PEGylated chitosan nanoparticles to
the over expressed folate receptors. MTX + MMC codelivery using chitosan nanoparticles showed
synergistic killing efficacy when tested against monodelivery of MTX and MMC [114]. In another study,
Lin et al. co-delivered MMC with 10-hydroxycamptothecin (HCPT) using folate functionalized soybean
phosphatidylcholine micellar nanoformulation to test the therapeutic efficacy in HeLa Cells [115].
Direct cellular targeting of MMC and HCPT using micellar nanoparticles not only enhanced cellular
uptake in in vitro and in vivo but also showed significant reduction in tumor burden compared to
free drugs. There have been several other studies using folate targeted combination nanoparticles
showing not only synergistic killing efficacy in vitro and in vivo but also improved biodistribution
profile [107,108,116]. For example, a study conducted by Pawar and colleagues showed that folate
functionalized solid lipid nanoparticles delivering curcumin and docetaxel had significant decrease in
docetaxel accumulation in heart and kidney when compared to the approved Taxotere® [117].

Targeted nanomedicines using transferrin ligand are extensively studied. In the study by
Malarvizhi et al., doxorubicin and sorafenib were co-encapsulated in transferrin functionalized
polyvinyl acetate core-albumin shell nanoparticle [118]. The nanoformulation showed synergistic
killing efficacy (92%) when compared to free drugs (50%) and non-targeted core-shell nanoparticle
(63%). Transferrin targeted PEGylated phosphatidylethanolamine micelles carrying curcumin and
paclitaxel showed increased cytotoxicity in paclitaxel-resistant ovarian adenocarcinoma as shown by
Sarisozen et al. [119]. Another approach used co-delivery of doxorubicin and curcumin in transferrin
targeted “PEGylated curcumin” nanoparticles as shown by Cui et al. for the treatment of breast
cancer [120]. This combination nanoparticle showed significant tumor regression in xenograft mice
model when compared with curcumin/doxorubicin liposomal formulation and the single drug
treatment [120].

Direct cellular targeting as mentioned previously is advantageous in terms of more specific
drug delivery, however these receptors are overexpressed on cancerous cells, rendering normal cell
expression of the receptors susceptible to inadvertent treatment by such nanoparticle combination
therapy. Another approach which targets indirectly rather than on the cell surface involves targeting
the source of cancer cell proliferation, cancer stem cells.

5.2. Indirect Cellular Targeting

Cancer stem cells (CSCs) are a promising new way to target the source of cancer development in
the body [106]. Cancer stem cells have been used to describe the evolution of tumor cell heterogeneity,
where cells of various cancer types mutate and adapt to survive in the tumor microenvironment
by epigenetic changes, phenotypic and intratumoral heterogeneity, all working to promote cellular
resistance to therapy [62]. CSCs are a novel target in research, as well as in clinical practice. DDS
have been used to target the cell markers such as CD44, CD90, and aldehyde dehydrogenase, as well
as signaling pathways like Notch and Hedgehog, that are characteristic of CSCs [121]. Cancer stem
cells have an increased rate of target gene expression, alternative signaling pathway compensation
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mechanisms, and undergo dedifferentiation in an effort to evade destruction by drug therapy [121].
Cell quiescence, increased DNA repair, detoxifying enzymes, increased drug efflux, and higher levels
of aldehyde dehydrogenase (ALDH) activity also encourage chemoresistance and tumorigenicity
found in CSCs [121,122]. Li et al. dual encapsulated doxorubicin (DOX) and decitabine (NPDAC)
in polymeric nanoparticles (MPEG-b-PLA) [123]. NPDAC can sensitize cells that have high ALDH
to chemotherapy agents, such as DOX [123]. The results of this study showed that the combination
delivery of these drugs in MDA-MB-231 breast cancer cells caused a reduced number of CSCs with
increased levels of ALDH, in addition to overcoming drug resistance [123]. Cell marker, CD 44, is linked
to CSC attributes such as tumor initiation, metastasis and chemo- and radio-resistance [35,124]. This
cell marker was assessed and targeted in a study by Aires et al. which used functionalized iron oxide
nanoparticles to encapsulate antiCD44 antibody and gemcitabine derivatives to treat CD44 positive
pancreatic and breast cancer cell lines [35]. CD44 positive cells were selectively killed in this study
using targeted treatment when compared to the control which was non-tumorigenic [35]. This study
was additionally unique in how hyperthermia and contrast agents, using MRI, can be employed to
thermally destroy cancer cells and visualize the effects of chemotherapeutics on CSCs [35].

Another study targeted breast cancer stem cells (bCSCs) by conjugating hyaluronic acid (HA)
to polymeric, PLGA, nanoparticles which also dual encapsulated paclitaxel, a chemotherapeutic,
and curcumin, a selective inhibitor of stem cells. The hyaluronic acid targeted CD44 receptors of breast
cancer cells and led to decreased number and migration of bCSCs, as well synergistic growth inhibition
of non-bCSCs and bCSCs in MCF7 xenograft tumor models [125]. Furthermore, another study which
used hyaluronic acid to target CD44 found similar tumor inhibition and cytotoxicity in triple negative
breast cancer cells by using microRNA (MiR-542-3p) and doxorubicin (DOX) combination loaded
HA-conjugated polyethylenimine-poly(D,L-lactide-co-glycolide) (PEI-PLGA) nanoparticles [126].

Dually functionalized D-alpha-tocopheryl poly (ethylene glycol 1000) succinate (TPGS) and HA
liposomes which were composed of 1,5-dioctadecyl-N-histidyl-L-glutamate (HG2C18), a synthetic
cationic lipid, co-encapsulated paclitaxel (PTX) and lonidamine (LND). These liposomes were used
to inhibit P-glycoprotein (P-gp) efflux and enhance mitochondrial drug accumulation in MDR breast
cancer cells in vitro and MCF-7/MDR tumors in vivo. The HG2C18 lipid in particular demonstrated
enhanced endo-lysosomal escape of the liposomes upon internalization by cells, thus promoting greater
drug delivery and chemotherapeutic antitumor effects. The study found synergism between LND and
PTX where LND sensitized cells by suppression of P-gp efflux, resulting in enhanced apoptotic effects
of paclitaxel [127].

The understanding of how indirect cancer cell targeting can affect the tumor cell environment
may be the link in providing more effective treatment, which stops the initiation of further tumor
mutations at the stem cell level. Furthermore, the combination of direct and indirect targeting may
prove more powerful, as we discuss next.

5.3. Dual Effect (Direct and Indirect) Cellular Targeting

Dual effect cellular targeting, by combining direct and indirect cellular targeting modalities, may
aid in the obstacle of multi drug resistance (MDR) encountered in cancer treatments [50,65,128–133].
Cellular resistance by both pump and non-pump mechanisms were investigated in a study done by
Ling et al. which targeted drug efflux by P-glycoprotein and breast cancer resistance protein (BCRP)
and immune response of anti-apoptosis by B cell lymphoma (Bcl-2) [134,135]. The goal of the study
was to overcome MDR by dual cellular level targeting using a combination treatment of mitoxantrone
hydrochloride (MTO), a water-soluble cation, cyclosporine A (CsA), a BCRP inhibitor, and sodium
glycocholate (GcNa), a Bcl-2 inhibitor. Lipid-sodium glycocholate nanocarriers (TMLGNs) were used
to encapsulate MTO, CsA and GcNa. BCRP and P-glycoprotein are overexpressed in cancer and
contribute to MDR. MTO is a chemotherapeutic drug that has been used to treat advanced breast
cancer, as well as prostate cancer, leukemia and lymphoma. Because MTO is a BCRP substrate, there is
exists the issue of tumor cell resistance to this drug. CsA is a well-known inhibitor of BCRP and drug of
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choice for MDR-reversal, while GcNa is a Bcl-2 inhibitor that suppresses non-pump cellular resistance.
MTO encapsulation in lipid nanocarriers is difficult due to its low molecular weight and hydrophilic
characteristics, however this can be overcome by using a counterion, such as GcNa, in the TMLGNs
which increases the encapsulation of MTO and sustains MTO release in the lipids. MCF-7, a human
breast cancer cell line, and MCF-7/MX, a multidrug resistant variant which overexpresses BCRP, were
used in this study to assess the cytotoxicity of MTO in the MCF/MX cells and MDR reversal of MTO.
In vitro cytotoxicity studies indicated that TMLGNs increased delivery of MTO in cancer cells, as well
as improved the sensitivity of cancer cells to the drug when compared to the free drug form of MTO
and MTO-CsA-GcNa. The reversal factor (RF) and resistance index (RI) of MTO formulations were
investigated and showed complete MDR reversal by MTO-TMLGNs where the RI was close to 1.0 and
the RF values taken at 24, 48 and 96 h increased over time. MTO-TMLGNs were the most cytotoxic
to cancer cells with the smallest IC50 value compared to other MTO drug formulations, as shown in
Figure 5 as follows on the next page [59].
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Figure 5. In vitro results for (A) cellular uptake and (B) cytotoxicity of various treatments of
mitoxantrone hydrochloride (MTO), free drugs, MTO-Sol and MTO-CsA-GcNa-Sol and nanocarrier,
MTO TMLGNs, formulations. The in vivo results show (C) plasma concentration differences between
free drug MTO and nanocarrier form, where increased circulating drug concentration over time results
from encapsulation, as well as (D) decreased overall organ accumulation of drug due to nanocarrier
delivery of MTO, CsA and GcNa. Reproduced with permission from [59], Copyright Dovepress, 2015.

The pharmacokinetics and tissue distribution in vivo results showed that the free drug form
of MTO (MTO-Sol) and nanoparticle form of MTO (MTO-TMLGNs) were significantly different
regarding mean plasma concentration of MTO and relative tissue distribution. MTO-TMLGNs
demonstrated a sustained plasma profile, as well as delayed systemic circulation retention and
moderate biodistribution. The MTO-TMLGNs showed a 4.6-fold increase in the drug systematic
exposure, in addition to a 7-fold increase in drug circulation time. MTO-TMLGNs also had a reduced
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distribution in organs such as the heart, kidneys, and lungs. The heart exposure to MTO was reduced
by 0.6-fold, an important finding because of the risk of dose-related cardiomyopathy associated with
the toxicity of MTO. There was a 12.8-fold higher uptake efficiency of MTO-TMLGNs in MCF/MX cells.
These TMLGNs displayed both synergistic and complete reversal of MTO MDR. The encapsulation
efficiency of MTO and promotion of cell death was achieved by using GcNA. Temperature and
endocytosis inhibition experiments in MCF-7/MX cells showed that clathrin-mediated endocytosis
was used by TMLGNs to enter cancer cells, therefore evading drug efflux by the BCRP transporter.
CsA could then inhibit released MTO and overcome MDR by synergism with GcNA in this drug
delivery model [59].

The co-encapsulation and delivery of a cationic hydrophilic antitumor drug, BCRP inhibitor, and
Bcl-2 inhibitor was successfully achieved using TMLGNs in this study. The results demonstrated
desirable pharmacokinetic release profile, uptake by clathrin-mediated endocytosis and cytotoxicity in
resistant cancer cells with ultimate MDR reversal by drug synergism [59]. MDR is a prominent issue
in effective cancer treatment, thus making relevant work critical to the future of practical treatment
solutions for drug resistant cancer types [135–137].

6. Multi-tier (Vascular, Cellular and Tissue Combinations) Targeting

Simultaneously targeting various hallmarks of cancer poses as an effective strategy for
cancer treatment, and in recent studies favoring the enhanced permeability and retention (EPR)
effect, nanoparticles measuring less than 150 nm in size have exhibited effective co-delivery and
multi-targeting abilities [35,124,128,129]. Moreover, multi-targeting at the vascular, tissue and cellular
levels has been suggested as a competent approach [138–141]. Multi-tier targeting is any combination
of vascular, cellular or tissue targeting methods, while the aforementioned dual effect cellular targeting
combines direct and indirect cellular targeting specifically.

Nanoparticles have shown effective co-loading and a sustained release of several apoptosis
inducers and anti-angiogenic agents along with peptide-conjugation which is made plausible by
the flexibility in their physicochemical characteristics. In a study by Choi et al., a 120 nm-sized
mesoporous silica nanoparticle (MSN) containing celastrol (CST) for mitochondrial blockade-mediated
apoptosis and anti-angiogenic axitinib (AXT) in PEGylated lipid bilayer demonstrated multi-level
targeting and synergistic effects in xenograft tumor mouse model. Targeting at the cellular and the
vascular level, and given the association in their signaling pathways, the synergistic effect of these two
therapeutic agents showed effective cell binding and sequential endocytotic uptake. A controlled and
a pH-dependent release also emphasized the role of the tissue microenvironment in effective drug
delivery [142]. Another formulation encapsulating paclitaxel (PTX) and VEGF targeting siRNA in a
lipid nanoparticle shell conjugated with somatostatin-targeting peptide: Vapreotide (VAP) displayed
a stable, sustained release and an efficient delivery to the tumor site. VAP-conjugated nanoparticles
demonstrated a higher cellular uptake in MCF-7 cells as compared to their non-targeted counterparts,
a result of rapid endosomal escape due to the effects of DOPE causing lysosome membrane disruption.
Although in vivo nanoparticle accumulation was observed in organs of the reticuloendothelial system
(RES) like liver for both targeted and non-targeted particles, the former showed higher PTX uptake in
tumor areas [143]. MSN formulations measuring less than 100 nm conjugated with iRGD peptide also
showed a collaborative co-loading of doxorubicin (DOX) for chemotherapy and combretastatin A4
(CA4) for anti-VEGF activity. The electrostatic interaction and hydrogen bonding between DOX and
CA4 facilitated for a higher loading than their single-loaded counterparts. CA4 was released prior to
DOX due to the strong electrostatic interaction between the negatively charged MSN and positively
charged DOX which in this case coincidently proved to be favorable for this therapeutic approach.
A higher uptake of targeted MSN in Hela cells was seen in this approach due to higher expression of
a2b3 [144].

Targeted particles like VAP modified core-shell NPs have shown a higher VEGF-silencing activity
and cell-cycle arrest in effect to chemotherapeutic drugs at certain concentrations while maintaining
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over 80% cell viability with similar effects in tumor mouse models [143]. Targeted liposomes too
have shown successful translocation of encapsulated siRNA which otherwise incurs difficulties in
delivery due to its poor membrane permeability. A formulation encapsulating docetaxel and VEGF
siRNA conjugated with two different targeting peptides angiopep-2 and neuropilin demonstrated
the most efficient uptake in vivo at an optimized conjugation ratio thereby showing a dual approach
which assisted translocation with almost 20% higher VEGF silencing than controls in a U87 MG
tumor-bearing mouse model [145].

In a study by Huang et al., the acidic property of the tumor tissue microenvironment was
utilized in developing a pH-responsive DDS. A spherical and compact dendrigraft poly-L-lysine (DGL)
nanoparticle system measuring approximately 150 nm in size with a zeta potential of 3.5 ± 2.9 mV
was modified with pH-responsive cell-penetrating peptides (dtACPP). A masked form of this peptide
was formulated to overcome CPP peptide’s poor specificity in vivo. These nanoparticles demonstrated
that both matrix metalloproteinase 2 (MMP2) activity and an acidic pH (under 6.0) contributed
directly to the cell-penetrating activity of masked dtACPP resulting in up to 86.9% internalization
in U87-MG cells. Following passive targeting via the enhanced permeability and retention (EPR)
effect, the dtACPP-modified nanoparticles actively targeted intracranial glioblastoma (GBM) xenograft
mouse models. The loading of combination payload comprising of doxorubicin intercalated within a
VEGF-targeting interfering RNA (shVEGF) was facilitated by the electrostatic interactions between
negative and positive charges of shVEGF and DGL respectively. Highest in vivo localization of particles
was observed in the tumor cytoplasm followed by nuclei, the latter being a significant finding for
this application. Additionally, a reduction to 34.3% of endogenous VEGF mRNA and an apoptotic
rate of 45.5% in vitro, and over twice the median survival rate of control in glioma-bearing mice were
demonstrated by this DDS. This study effectively exhibits tumor regression by multi-level targeting at
the tissue, vascular and cellular level, as shown in Figure 6 below [45].
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Figure 6. (A) Schematic showing a dtACPP-modified dendrigraft poly-L-lysine (DGL) nanoparticle
system co-loading DOX intercalated into shVEGF. (B) Representation of in vitro (left) and in vivo (right)
endogenous VEGF-silencing activity by different formulations. (C) In vivo distribution and localization
of (L-R) non-targeted, dtACPP-modified and non-quenchable CPP DGL nanoparticles. The quenchable
dtACPP particles show highest uptake in the brain. (D) Overall survival rates for glioma-bearing mice
showing the highest rate for dtACPP-modified DGL particles. Reproduced with permission from [97],
Copyright ACS, 2013.
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7. Conclusions and Future Direction of Active Targeting

Nanomedicine has many advantages that shape its niche in modern cancer medicine. A multitude
of desirable characteristics such as increased localized delivery of concentrated drug payloads,
prolonged circulation in the bloodstream, reduced frequency of dosage required for therapeutic efficacy,
uniform, sustained drug release kinetics, in addition to fewer systemic side effects and interactions,
reduced vital organ accumulation and overall safety profile improvements in drug pharmacodynamics
and pharmacokinetics create a lasting impression for nanotherapy in cancer treatment [31,74,146].
The value of therapeutic window expansion is most important in using nanoparticle drug delivery
systems in an effort to provide cancer patients with safe, effective treatment, however the tumor
microenvironment, physical attributes and evolving cellular pathways and adaptations present
profound difficulties in reliable drug delivery and outcomes.

Several first-generation non-targeted nanomedicines have received clinical approval starting
with Doxil® in 1995. However, more than two decades on, targeted nanomedicines have not been
approved yet, although several platforms have been in clinical trials. Patient to patient variability
and tumor heterogeneity within the same patient present a major biological challenge to the design
and development of targeted nanomedicines. Simultaneously targeting multiple biomarkers may
therefore be required for efficacy. However, the complexity of design in targeted nanomedicines with
the addition of one or more targeting ligands often can make them difficult to manufacture at large
scales in a reproducible manner. A modular approach of assembling targeted nanomedicines may
help scale up production of multi-targeted nanomedicines. Studies have also shown that targeting
nanoparticles by surface functionalized antibody or peptide can sometimes lose its targeting capability
upon adsorption of biomolecule corona or be detected by the MPS system, reducing circulation half-life
and thereby hindering the efficacy of the targeted DDS [109].

Further, for targeted nanomedicines to be successful the cellular uptake and intracellular
processing of the platform and the payload are vital. Most targeted nanoparticles use receptor
mediated endocytosis as a mechanism for intracellular drug delivery [27]. Lysosomal degradation of
the nanoparticles and the payload following receptor mediated endocytosis may be one of the reasons
targeted nanomedicines have not shown the dramatic improvements in therapeutic index that was
expected from these tumor homing constructs [147]. The development of novel targeting ligands
(for e.g., peptides and aptamers) that can selectively trigger endosomal escape of the nanoparticles prior
to lysosomal degradation may prove to be a promising strategy towards improving the therapeutic
indices of targeted nanomedicines [42,139,148–154]. Overcoming intracellular and extracellular barriers
is one of the major challenges in siRNA delivery. For example, Li et al. have developed humanized
anti-EGFR mAb h-R3, a negatively charged ligand to surface functionalize binary complexes of
self-assembled siRNA encapsulated poly(amidoamine), PAMAM. These dendriplexes exhibited
remarkable endosomal escape in HepG2 cells and enhanced targeted drug delivery ex vivo [148].

Another hurdle in the development of targeted nanomedicines has been the lack of relevant
pre-clinical models for testing their targeting efficiency. The development of more, relevant in vivo
models that can recapitulate the complexity of human disease could help in optimizing the design of
targeted nanomedicines during their pre-clinical development and perhaps ensure a higher percentage
of success during clinical trials. Theoretical and mathematical models could be used to design better,
more effective, targeted nanomedicines prior to pre-clinical and clinical testing. A multidisciplinary
approach with collaborations between theoretical and experimental scientists, engineers, medical
doctors, pharmaceutical and biotechnology industries, federal and private funding agencies and the
regulatory agencies is therefore required to realize the true potential of targeted nanomedicines in
the clinic.

Acknowledgments: The authors acknowledge funding from the National Cancer Institute, a part of the National
Institutes of Health (Award # K99CA153948 and R00CA153948).



Pharmaceutics 2017, 9, 46 18 of 26

Author Contributions: Janel Kydd and Rahul Jadia prepared, formatted, and edited the manuscript for review,
including vascular targeting, cellular targeting and a portion of the conclusions. Praveena Velpurisiva prepared
the section on tissue targeting and helped with other aspects of editing and formatting the manuscript. Aniket Gad
prepared the section on multi-tier targeting. Shailee Paliwal prepared the introduction. Prakash Rai edited the
manuscript, prepared conclusions and future directions, and submitted the manuscript for review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30. [CrossRef]
[PubMed]

2. Weinstein, I.B.; Joe, A.K. Mechanisms of disease: Oncogene addiction—A rationale for molecular targeting
in cancer therapy. Nat. Clin. Pract. Oncol. 2006, 3, 448–457. [CrossRef] [PubMed]

3. Tutar, L.; Tutar, E.; Ozgur, A.; Tutar, Y. Therapeutic Targeting of microRNAs in Cancer: Future Perspectives.
Drug Dev. Res. 2015, 76, 382–388. [CrossRef] [PubMed]

4. Xu, X.; Ho, W.; Zhang, X.; Bertrand, N.; Farokhzad, O. Cancer nanomedicine: From targeted delivery to
combination therapy. Trends Mol. Med. 2015, 21, 223–232. [CrossRef] [PubMed]

5. Sudhakar, A. History of Cancer, Ancient and Modern Treatment Methods. J. Cancer Sci. Ther. 2009, 1, 1–4.
[CrossRef] [PubMed]

6. Jahanban-Esfahlan, R.; Seidi, K.; Banimohamad-Shotorbani, B.; Jahanban-Esfahlan, A.; Yousefi, B.
Combination of nanotechnology with vascular targeting agents for effective cancer therapy. J. Cell. Physiol.
2017. [CrossRef] [PubMed]

7. Linton, S.S.; Sherwood, S.G.; Drews, K.C.; Kester, M. Targeting cancer cells in the tumor microenvironment:
Opportunities and challenges in combinatorial nanomedicine. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2016, 8, 208–222. [CrossRef] [PubMed]

8. Lu, B.; Huang, X.; Mo, J.; Zhao, W. Drug Delivery Using Nanoparticles for Cancer Stem-Like Cell Targeting.
Front. Pharmacol. 2016, 7, 84. [CrossRef] [PubMed]

9. Dai, Y.; Xu, C.; Sun, X.; Chen, X. Nanoparticle design strategies for enhanced anticancer therapy by exploiting
the tumour microenvironment. Chem. Soc. Rev. 2017, 46, 3830–3852. [CrossRef] [PubMed]

10. Swain, S.; Sahu, P.K.; Beg, S.; Babu, S.M. Nanoparticles for Cancer Targeting: Current and Future Directions.
Curr. Drug Deliv. 2016, 13, 1290–1302. [CrossRef] [PubMed]

11. Yuan, D.; Zhao, Y.; Banks, W.A.; Bullock, K.M.; Haney, M.; Batrakova, E.; Kabanov, A.V. Macrophage
exosomes as natural nanocarriers for protein delivery to inflamed brain. Biomaterials 2017, 142, 1–12.
[CrossRef] [PubMed]

12. Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined
biological nanoplatforms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754–763. [CrossRef] [PubMed]

13. Siafaka, P.I.; Ustundag Okur, N.; Karavas, E.; Bikiaris, D.N. Surface Modified Multifunctional and Stimuli
Responsive Nanoparticles for Drug Targeting: Current Status and Uses. Int. J. Mol. Sci. 2016, 17, 1440.
[CrossRef] [PubMed]

14. Huang, H.; Li, Y.; Li, C.; Wang, Y.; Sun, Y.; Wang, J. A novel anti-VEGF targeting and MRI-visible smart drug
delivery system for specific diagnosis and therapy of liver cancer. Macromol. Biosci. 2013, 13, 1358–1368.
[CrossRef] [PubMed]

15. Huynh, N.T.; Roger, E.; Lautram, N.; Benoit, J.P.; Passirani, C. The rise and rise of stealth nanocarriers for
cancer therapy: Passive versus active targeting. Nanomedicine 2010, 5, 1415–1433. [CrossRef] [PubMed]

16. Danhier, F.; Feron, O.; Preat, V. To exploit the tumor microenvironment: Passive and active tumor targeting
of nanocarriers for anti-cancer drug delivery. J. Control. Release 2010, 148, 135–146. [CrossRef] [PubMed]

17. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive
and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef]
[PubMed]

18. Wang, M.; Xie, F.; Wen, X.; Chen, H.; Zhang, H.; Liu, J.; Zhang, H.; Zou, H.; Yu, Y.; Chen, Y.; et al. Therapeutic
PEG-ceramide nanomicelles synergize with salinomycin to target both liver cancer cells and cancer stem
cells. Nanomedicine 2017, 12, 1025–1042. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://dx.doi.org/10.1038/ncponc0558
http://www.ncbi.nlm.nih.gov/pubmed/16894390
http://dx.doi.org/10.1002/ddr.21273
http://www.ncbi.nlm.nih.gov/pubmed/26435382
http://dx.doi.org/10.1016/j.molmed.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25656384
http://dx.doi.org/10.4172/1948-5956.100000e2
http://www.ncbi.nlm.nih.gov/pubmed/20740081
http://dx.doi.org/10.1002/jcp.26051
http://www.ncbi.nlm.nih.gov/pubmed/28608554
http://dx.doi.org/10.1002/wnan.1358
http://www.ncbi.nlm.nih.gov/pubmed/26153136
http://dx.doi.org/10.3389/fphar.2016.00084
http://www.ncbi.nlm.nih.gov/pubmed/27148051
http://dx.doi.org/10.1039/C6CS00592F
http://www.ncbi.nlm.nih.gov/pubmed/28516983
http://dx.doi.org/10.2174/1567201813666160713121122
http://www.ncbi.nlm.nih.gov/pubmed/27411485
http://dx.doi.org/10.1016/j.biomaterials.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28715655
http://dx.doi.org/10.1038/aps.2017.12
http://www.ncbi.nlm.nih.gov/pubmed/28392567
http://dx.doi.org/10.3390/ijms17091440
http://www.ncbi.nlm.nih.gov/pubmed/27589733
http://dx.doi.org/10.1002/mabi.201300137
http://www.ncbi.nlm.nih.gov/pubmed/23852809
http://dx.doi.org/10.2217/nnm.10.113
http://www.ncbi.nlm.nih.gov/pubmed/21128723
http://dx.doi.org/10.1016/j.jconrel.2010.08.027
http://www.ncbi.nlm.nih.gov/pubmed/20797419
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24270007
http://dx.doi.org/10.2217/nnm-2016-0408
http://www.ncbi.nlm.nih.gov/pubmed/28440698


Pharmaceutics 2017, 9, 46 19 of 26

19. Yao, X.L.; Yoshioka, Y.; Ruan, G.X.; Chen, Y.Z.; Mizuguchi, H.; Mukai, Y.; Okada, N.; Gao, J.Q.; Nakagawa, S.
Optimization and internalization mechanisms of PEGylated adenovirus vector with targeting peptide for
cancer gene therapy. Biomacromolecules 2012, 13, 2402–2409. [CrossRef] [PubMed]

20. Balalaeva, I.V.; Zdobnova, T.A.; Krutova, I.V.; Brilkina, A.A.; Lebedenko, E.N.; Deyev, S.M. Passive and active
targeting of quantum dots for whole-body fluorescence imaging of breast cancer xenografts. J. Biophotonics
2012, 5, 860–867. [CrossRef] [PubMed]

21. Sykes, E.A.; Chen, J.; Zheng, G.; Chan, W.C. Investigating the impact of nanoparticle size on active and
passive tumor targeting efficiency. ACS Nano 2014, 8, 5696–5706. [CrossRef] [PubMed]

22. Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomed. 2015, 10, 975–999. [CrossRef]
[PubMed]

23. Gabizon, A.; Catane, R.; Uziely, B.; Kaufman, B.; Safra, T.; Cohen, R.; Martin, F.; Huang, A.; Barenholz, Y.
Prolonged circulation time and enhanced accumulation in malignant exudates of doxorubicin encapsulated
in polyethylene-glycol coated liposomes. Cancer Res. 1994, 54, 987–992. [PubMed]

24. Gao, W.; Xiang, B.; Meng, T.T.; Liu, F.; Qi, X.R. Chemotherapeutic drug delivery to cancer cells using a
combination of folate targeting and tumor microenvironment-sensitive polypeptides. Biomaterials 2013, 34,
4137–4149. [CrossRef] [PubMed]

25. Angioletti-Uberti, S. Exploiting Receptors Competition to Enhance Nanoparticles Binding Selectivity.
Phys. Rev. Lett. 2017, 118, 068001. [CrossRef] [PubMed]

26. Danhier, F.; Le Breton, A.; Preat, V. RGD-based strategies to target alpha(v) beta(3) integrin in cancer therapy
and diagnosis. Mol. Pharm. 2012, 9, 2961–2973. [CrossRef] [PubMed]

27. Tortorella, S.; Karagiannis, T.C. Transferrin receptor-mediated endocytosis: A useful target for cancer therapy.
J. Membr. Biol. 2014, 247, 291–307. [CrossRef] [PubMed]

28. Jiang, S.; Ling, C.; Li, W.; Jiang, H.; Zhi, Q.; Jiang, M. Molecular Mechanisms of Anti-cancer Activities of
β-elemene: Targeting Hallmarks of Cancer. Anticancer Agents Med. Chem. 2016, 16, 1426–1434. [CrossRef]
[PubMed]

29. Gad, A.; Kydd, J.; Piel, B.; Rai, P. Targeting Cancer using Polymeric Nanoparticle mediated Combination
Chemotherapy. Int. J. Nanomed. Nanosurg. 2016, 2. [CrossRef]

30. Sneider, A.; Jadia, R.; Piel, B.; VanDyke, D.; Tsiros, C.; Rai, P. Engineering Remotely Triggered Liposomes to
Target Triple Negative Breast Cancer. Oncomedicine 2017, 2, 1–13. [CrossRef] [PubMed]

31. Jadia, R.; Scandore, C.; Rai, P. Nanoparticles for Effective Combination Therapy of Cancer. Int. J. Nanotechnol.
Nanomed. 2016, 1, 1–27.

32. Long, J.T.; Cheang, T.Y.; Zhuo, S.Y.; Zeng, R.F.; Dai, Q.S.; Li, H.P.; Fang, S. Anticancer drug-loaded
multifunctional nanoparticles to enhance the chemotherapeutic efficacy in lung cancer metastasis.
J. Nanobiotechnology 2014, 12, 37. [CrossRef] [PubMed]

33. Guo, Y.; Wang, L.; Lv, P.; Zhang, P. Transferrin-conjugated doxorubicin-loaded lipid-coated nanoparticles for
the targeting and therapy of lung cancer. Oncol. Lett. 2015, 9, 1065–1072. [CrossRef] [PubMed]

34. Qin, L.; Wang, C.Z.; Fan, H.J.; Zhang, C.J.; Zhang, H.W.; Lv, M.H.; Cui, S.D. A dual-targeting liposome
conjugated with transferrin and arginine-glycine-aspartic acid peptide for glioma-targeting therapy.
Oncol. Lett. 2014, 8, 2000–2006. [CrossRef] [PubMed]

35. Aires, A.; Ocampo, S.M.; Simoes, B.M.; Josefa Rodriguez, M.; Cadenas, J.F.; Couleaud, P.; Spence, K.;
Latorre, A.; Miranda, R.; Somoza, A.; et al. Multifunctionalized iron oxide nanoparticles for selective drug
delivery to CD44-positive cancer cells. Nanotechnology 2016, 27, 065103. [CrossRef] [PubMed]

36. Dong, Y.; Chen, H.; Chen, C.; Zhang, X.; Tian, X.; Zhang, Y.; Shi, Z.; Liu, Q. Polymer-Lipid Hybrid Theranostic
Nanoparticles Co-Delivering Ultrasmall Superparamagnetic Iron Oxide and Paclitaxel for Targeted Magnetic
Resonance Imaging and Therapy in Atherosclerotic Plaque. J. Biomed. Nanotechnol. 2016, 12, 1245–1257.
[CrossRef] [PubMed]

37. Ndong, C.; Toraya-Brown, S.; Kekalo, K.; Baker, I.; Gerngross, T.U.; Fiering, S.N.; Griswold, K.E.
Antibody-mediated targeting of iron oxide nanoparticles to the folate receptor alpha increases tumor
cell association in vitro and in vivo. Int. J. Nanomed. 2015, 10, 2595–2617. [CrossRef]

38. Pramanik, A.K.; Siddikuzzaman; Palanimuthu, D.; Somasundaram, K.; Samuelson, A.G. Biotin Decorated
Gold Nanoparticles for Targeted Delivery of a Smart-Linked Anticancer Active Copper Complex: In Vitro
and In Vivo Studies. Bioconjug. Chem. 2016, 27, 2874–2885. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bm300665u
http://www.ncbi.nlm.nih.gov/pubmed/22746837
http://dx.doi.org/10.1002/jbio.201200080
http://www.ncbi.nlm.nih.gov/pubmed/22887708
http://dx.doi.org/10.1021/nn500299p
http://www.ncbi.nlm.nih.gov/pubmed/24821383
http://dx.doi.org/10.2147/IJN.S68861
http://www.ncbi.nlm.nih.gov/pubmed/25678787
http://www.ncbi.nlm.nih.gov/pubmed/8313389
http://dx.doi.org/10.1016/j.biomaterials.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23453200
http://dx.doi.org/10.1103/PhysRevLett.118.068001
http://www.ncbi.nlm.nih.gov/pubmed/28234514
http://dx.doi.org/10.1021/mp3002733
http://www.ncbi.nlm.nih.gov/pubmed/22967287
http://dx.doi.org/10.1007/s00232-014-9637-0
http://www.ncbi.nlm.nih.gov/pubmed/24573305
http://dx.doi.org/10.2174/1871520616666160211123424
http://www.ncbi.nlm.nih.gov/pubmed/26863884
http://dx.doi.org/10.16966/2470-3206.116
http://dx.doi.org/10.7150/oncm.17406
http://www.ncbi.nlm.nih.gov/pubmed/28174679
http://dx.doi.org/10.1186/s12951-014-0037-5
http://www.ncbi.nlm.nih.gov/pubmed/25266303
http://dx.doi.org/10.3892/ol.2014.2840
http://www.ncbi.nlm.nih.gov/pubmed/25663858
http://dx.doi.org/10.3892/ol.2014.2449
http://www.ncbi.nlm.nih.gov/pubmed/25289086
http://dx.doi.org/10.1088/0957-4484/27/6/065103
http://www.ncbi.nlm.nih.gov/pubmed/26754042
http://dx.doi.org/10.1166/jbn.2016.2239
http://www.ncbi.nlm.nih.gov/pubmed/27319218
http://dx.doi.org/10.2147/IJN.S79367
http://dx.doi.org/10.1021/acs.bioconjchem.6b00537
http://www.ncbi.nlm.nih.gov/pubmed/27998075


Pharmaceutics 2017, 9, 46 20 of 26

39. Hu, Z.; Rao, B.; Chen, S.; Duanmu, J. Targeting tissue factor on tumour cells and angiogenic vascular
endothelial cells by factor VII-targeted verteporfin photodynamic therapy for breast cancer in vitro and
in vivo in mice. BMC Cancer 2010, 10, 235. [CrossRef] [PubMed]

40. Barr, M.P.; O’Byrne, K.J.; Al-Sarraf, N.; Gray, S.G. VEGF-mediated cell survival in non-small-cell lung cancer:
Implications for epigenetic targeting of VEGF receptors as a therapeutic approach. Epigenomics 2015, 7,
897–910. [CrossRef] [PubMed]

41. Liu, T.; Wu, H.J.; Liang, Y.; Liang, X.J.; Huang, H.C.; Zhao, Y.Z.; Liao, Q.C.; Chen, Y.Q.; Leng, A.M.; Yuan, W.J.;
et al. Tumor-specific expression of shVEGF and suicide gene as a novel strategy for esophageal cancer
therapy. World J. Gastroenterol. 2016, 22, 5342–5352. [CrossRef] [PubMed]

42. Chen, Y.; Wang, X.; Liu, T.; Zhang, D.S.; Wang, Y.; Gu, H.; Di, W. Highly effective antiangiogenesis via
magnetic mesoporous silica-based siRNA vehicle targeting the VEGF gene for orthotopic ovarian cancer
therapy. Int. J. Nanomed. 2015, 10, 2579–2594. [CrossRef]

43. Hu, J.; Cheng, Y.; Li, Y.; Jin, Z.; Pan, Y.; Liu, G.; Fu, S.; Zhang, Y.; Feng, K.; Feng, Y. MicroRNA-128 plays
a critical role in human non-small cell lung cancer tumourigenesis, angiogenesis and lymphangiogenesis
by directly targeting vascular endothelial growth factor-C. Eur. J. Cancer 2014, 50, 2336–2350. [CrossRef]
[PubMed]

44. Toi, H.; Tsujie, M.; Haruta, Y.; Fujita, K.; Duzen, J.; Seon, B.K. Facilitation of endoglin-targeting cancer therapy
by development/utilization of a novel genetically engineered mouse model expressing humanized endoglin
(CD105). Int. J. Cancer 2015, 136, 452–461. [CrossRef] [PubMed]

45. Huang, S.; Shao, K.; Liu, Y.; Kuang, Y.; Li, J.; An, S.; Guo, Y.; Ma, H.; Jiang, C. Tumor-targeting
and microenvironment-responsive smart nanoparticles for combination therapy of antiangiogenesis and
apoptosis. ACS Nano 2013, 7, 2860–2871. [CrossRef] [PubMed]

46. Giatromanolaki, A.; Koukourakis, M.I.; Koutsopoulos, A.; Mendrinos, S.; Sivridis, E. The metabolic
interactions between tumor cells and tumor-associated stroma (TAS) in prostatic cancer. Cancer Biol. Ther.
2012, 13, 1284–1289. [CrossRef] [PubMed]

47. Wu, J.; Deng, A.; Jiang, W.; Tian, R.; Shen, Y. Synthesis and in vitro evaluation of pH-sensitive magnetic
nanocomposites as methotrexate delivery system for targeted cancer therapy. Mater. Sci. Eng. C Mater.
Biol. Appl. 2017, 71, 132–140. [CrossRef] [PubMed]

48. Ju, L.; Cailin, F.; Wenlan, W.; Pinghua, Y.; Jiayu, G.; Junbo, L. Preparation and properties evaluation of a
novel pH-sensitive liposomes based on imidazole-modified cholesterol derivatives. Int. J. Pharm. 2017, 518,
213–219. [CrossRef] [PubMed]

49. Pires, B.R.; Amorim, I.S.; Souza, L.D.; Rodrigues, J.A.; Mencalha, A.L. Targeting Cellular Signaling Pathways
in Breast Cancer Stem Cells and its Implication for Cancer Treatment. Anticancer Res. 2016, 36, 5681–5691.
[CrossRef] [PubMed]

50. Zheng, L.Z. Combination therapy targeting EGFR/MET crosstalk using nanotechnology improves
photodynamic therapy treatment of pancreatic cancer. Mol. Cancer Ther. 2009. [CrossRef]

51. Deng, C.; Zhang, Q.; Fu, Y.; Sun, X.; Gong, T.; Zhang, Z. Coadministration of Oligomeric Hyaluronic
Acid-Modified Liposomes with Tumor-Penetrating Peptide-iRGD Enhances the Antitumor Efficacy of
Doxorubicin against Melanoma. ACS Appl. Mater. Interfaces 2017, 9, 1280–1292. [CrossRef] [PubMed]

52. Ruzzo, A.; Catalano, V.; Canestrari, E.; Giacomini, E.; Santini, D.; Tonini, G.; Vincenzi, B.; Fiorentini, G.;
Magnani, M.; Graziano, F. Genetic modulation of the interleukin 6 (IL-6) system in patients with advanced
gastric cancer: A background for an alternative target therapy. BMC Cancer 2014, 14, 357. [CrossRef]
[PubMed]

53. Jin, H.; Liu, X.; Gui, R.; Wang, Z. Facile synthesis of gold nanorods/hydrogels core/shell nanospheres for
pH and near-infrared-light induced release of 5-fluorouracil and chemo-photothermal therapy. Colloids Surf.
B Biointerfaces 2015, 128, 498–505. [CrossRef] [PubMed]

54. Tian, J.; Ding, L.; Xu, H.J.; Shen, Z.; Ju, H.; Jia, L.; Bao, L.; Yu, J.S. Cell-specific and pH-activatable
rubyrin-loaded nanoparticles for highly selective near-infrared photodynamic therapy against cancer. J. Am.
Chem. Soc. 2013, 135, 18850–18858. [CrossRef] [PubMed]

55. Steinbach, J.P.; Wolburg, H.; Klumpp, A.; Probst, H.; Weller, M. Hypoxia-induced cell death in human
malignant glioma cells: Energy deprivation promotes decoupling of mitochondrial cytochrome c release
from caspase processing and necrotic cell death. Cell. Death Differ. 2003, 10, 823–832. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1471-2407-10-235
http://www.ncbi.nlm.nih.gov/pubmed/20504328
http://dx.doi.org/10.2217/epi.15.51
http://www.ncbi.nlm.nih.gov/pubmed/26479311
http://dx.doi.org/10.3748/wjg.v22.i23.5342
http://www.ncbi.nlm.nih.gov/pubmed/27340350
http://dx.doi.org/10.2147/IJN.S78774
http://dx.doi.org/10.1016/j.ejca.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25001183
http://dx.doi.org/10.1002/ijc.28994
http://www.ncbi.nlm.nih.gov/pubmed/24866768
http://dx.doi.org/10.1021/nn400548g
http://www.ncbi.nlm.nih.gov/pubmed/23451830
http://dx.doi.org/10.4161/cbt.21785
http://www.ncbi.nlm.nih.gov/pubmed/22895074
http://dx.doi.org/10.1016/j.msec.2016.09.084
http://www.ncbi.nlm.nih.gov/pubmed/27987687
http://dx.doi.org/10.1016/j.ijpharm.2016.11.044
http://www.ncbi.nlm.nih.gov/pubmed/27889588
http://dx.doi.org/10.21873/anticanres.11151
http://www.ncbi.nlm.nih.gov/pubmed/27793889
http://dx.doi.org/10.1158/1535-7163.TARG-09-A127
http://dx.doi.org/10.1021/acsami.6b13738
http://www.ncbi.nlm.nih.gov/pubmed/28009503
http://dx.doi.org/10.1186/1471-2407-14-357
http://www.ncbi.nlm.nih.gov/pubmed/24886605
http://dx.doi.org/10.1016/j.colsurfb.2015.02.049
http://www.ncbi.nlm.nih.gov/pubmed/25794443
http://dx.doi.org/10.1021/ja408286k
http://www.ncbi.nlm.nih.gov/pubmed/24294991
http://dx.doi.org/10.1038/sj.cdd.4401252
http://www.ncbi.nlm.nih.gov/pubmed/12815465


Pharmaceutics 2017, 9, 46 21 of 26

56. Ammirante, M.; Shalapour, S.; Kang, Y.; Jamieson, C.A.; Karin, M. Tissue injury and hypoxia promote
malignant progression of prostate cancer by inducing CXCL13 expression in tumor myofibroblasts. Proc. Natl.
Acad. Sci. USA 2014, 111, 14776–14781. [CrossRef] [PubMed]

57. Huang, X.; Peng, X.; Wang, Y.; Wang, Y.; Shin, D.M.; El-Sayed, M.A.; Nie, S. A reexamination of active and
passive tumor targeting by using rod-shaped gold nanocrystals and covalently conjugated peptide ligands.
ACS Nano 2010, 4, 5887–5896. [CrossRef] [PubMed]

58. Xie, J.; Yan, C.; Yan, Y.; Chen, L.; Song, L.; Zang, F.; An, Y.; Teng, G.; Gu, N.; Zhang, Y. Multi-modal Mn-Zn
ferrite nanocrystals for magnetically-induced cancer targeted hyperthermia: A comparison of passive and
active targeting effects. Nanoscale 2016, 8, 16902–16915. [CrossRef] [PubMed]

59. Ling, G.; Zhang, T.; Zhang, P.; Sun, J.; He, Z. Synergistic and complete reversal of the multidrug resistance of
mitoxantrone hydrochloride by three-in-one multifunctional lipid-sodium glycocholate nanocarriers based
on simultaneous BCRP and Bcl-2 inhibition. Int. J. Nanomed. 2016, 11, 4077–4091. [CrossRef]

60. Shen, Q.; Qiu, L. Reversal of P-glycoprotein-mediated multidrug resistance by doxorubicin and quinine
co-loaded liposomes in tumor cells. J. Liposome Res. 2016, 1–9. [CrossRef] [PubMed]

61. Scarano, W.; de Souza, P.; Stenzel, M.H. Dual-drug delivery of curcumin and platinum drugs in polymeric
micelles enhances the synergistic effects: A double act for the treatment of multidrug-resistant cancer.
Biomater. Sci. 2015, 3, 163–174. [CrossRef] [PubMed]

62. Zahreddine, H.; Borden, K.L. Mechanisms and insights into drug resistance in cancer. Front. Pharmacol. 2013,
4, 28. [CrossRef] [PubMed]

63. Ge, Y.; Ma, Y.; Li, L. The application of prodrug-based nano-drug delivery strategy in cancer combination
therapy. Colloids Surf. B Biointerfaces 2016, 146, 482–489. [CrossRef] [PubMed]

64. Wu, H.; Jin, H.; Wang, C.; Zhang, Z.; Ruan, H.; Sun, L.; Yang, C.; Li, Y.; Qin, W.; Wang, C. Synergistic
Cisplatin/Doxorubicin Combination Chemotherapy for Multidrug-Resistant Cancer via Polymeric Nanogels
Targeting Delivery. ACS Appl. Mater. Interfaces 2017, 9, 9426–9436. [CrossRef] [PubMed]

65. Murugan, C.; Rayappan, K.; Thangam, R.; Bhanumathi, R.; Shanthi, K.; Vivek, R.; Thirumurugan, R.;
Bhattacharyya, A.; Sivasubramanian, S.; Gunasekaran, P.; et al. Combinatorial nanocarrier based drug
delivery approach for amalgamation of anti-tumor agents in bresat cancer cells: An improved nanomedicine
strategies. Sci. Rep. 2016, 6, 34053. [CrossRef] [PubMed]

66. Ziming, Y. Synergistic mediation of tumor signaling pathways in hepatocellular carcinoma therapy via
dual-drug-loaded pH-responsive electrospun fibrous scaffolds. J. Mater. Chem. B 2015, 3, 3436–3446.

67. Biffi, S.; Voltan, R.; Rampazzo, E.; Prodi, L.; Zauli, G.; Secchiero, P. Applications of nanoparticles in
cancer medicine and beyond: Optical and multimodal in vivo imaging, tissue targeting and drug delivery.
Expert Opin. Drug Deliv. 2015, 12, 1837–1849. [CrossRef] [PubMed]

68. Morgan, C.E.; Wasserman, M.A.; Kibbe, M.R. Targeted Nanotherapies for the Treatment of Surgical Diseases.
Ann. Surg. 2016, 263, 900–907. [CrossRef] [PubMed]

69. Howard, M.; Zern, B.J.; Anselmo, A.C.; Shuvaev, V.V.; Mitragotri, S.; Muzykantov, V. Vascular targeting of
nanocarriers: Perplexing aspects of the seemingly straightforward paradigm. ACS Nano 2014, 8, 4100–4132.
[CrossRef] [PubMed]

70. Khan, K.; Cunningham, D.; Chau, I. Targeting Angiogenic Pathways in Colorectal Cancer: Complexities,
Challenges and Future Directions. Curr. Drug Targets 2017, 18, 56–71. [CrossRef] [PubMed]

71. Liu, Z.; Yu, L.; Wang, X.; Zhang, X.; Liu, M.; Zeng, W. Integrin (alphavbeta3) Targeted RGD Peptide Based
Probe for Cancer Optical Imaging. Curr. Protein Pept. Sci. 2016, 17, 570–581. [CrossRef] [PubMed]

72. Guyot, M.; Hilmi, C.; Ambrosetti, D.; Merlano, M.; Lo Nigro, C.; Durivault, J.; Grepin, R.; Pages, G. Targeting
the pro-angiogenic forms of VEGF or inhibiting their expression as anti-cancer strategies. Oncotarget 2017, 8,
9174–9188. [CrossRef] [PubMed]

73. Pedroso, J.D.; Gutierrez, M.M.; Volker, K.W.; Howard, D.L. Thermal Effect of J-Plasma(R) Energy in a Porcine
Tissue Model: Implications for Minimally Invasive Surgery. Surg. Technol. Int. 2017, 30, 19–24. [CrossRef]
[PubMed]

74. Zhang, Y.; Yang, C.; Wang, W.; Liu, J.; Liu, Q.; Huang, F.; Chu, L.; Gao, H.; Li, C.; Kong, D.; et al. Co-delivery
of doxorubicin and curcumin by pH-sensitive prodrug nanoparticle for combination therapy of cancer.
Sci. Rep. 2016, 6, 21225. [CrossRef] [PubMed]

75. Somani, R.R.; Bhanushali, U.V. Targeting angiogenesis for treatment of human cancer. Indian J. Pharm. Sci.
2013, 75, 3–10. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1416498111
http://www.ncbi.nlm.nih.gov/pubmed/25267627
http://dx.doi.org/10.1021/nn102055s
http://www.ncbi.nlm.nih.gov/pubmed/20863096
http://dx.doi.org/10.1039/C6NR03916B
http://www.ncbi.nlm.nih.gov/pubmed/27427416
http://dx.doi.org/10.2147/IJN.S95767
http://dx.doi.org/10.1080/08982104.2016.1231204
http://www.ncbi.nlm.nih.gov/pubmed/27581212
http://dx.doi.org/10.1039/C4BM00272E
http://www.ncbi.nlm.nih.gov/pubmed/26214199
http://dx.doi.org/10.3389/fphar.2013.00028
http://www.ncbi.nlm.nih.gov/pubmed/23504227
http://dx.doi.org/10.1016/j.colsurfb.2016.06.051
http://www.ncbi.nlm.nih.gov/pubmed/27400243
http://dx.doi.org/10.1021/acsami.6b16844
http://www.ncbi.nlm.nih.gov/pubmed/28247750
http://dx.doi.org/10.1038/srep34053
http://www.ncbi.nlm.nih.gov/pubmed/27725731
http://dx.doi.org/10.1517/17425247.2015.1071791
http://www.ncbi.nlm.nih.gov/pubmed/26289673
http://dx.doi.org/10.1097/SLA.0000000000001605
http://www.ncbi.nlm.nih.gov/pubmed/26756763
http://dx.doi.org/10.1021/nn500136z
http://www.ncbi.nlm.nih.gov/pubmed/24787360
http://dx.doi.org/10.2174/1389450116666150325231555
http://www.ncbi.nlm.nih.gov/pubmed/25808652
http://dx.doi.org/10.2174/1389203717666160101124015
http://www.ncbi.nlm.nih.gov/pubmed/26721402
http://dx.doi.org/10.18632/oncotarget.13942
http://www.ncbi.nlm.nih.gov/pubmed/27999187
http://dx.doi.org/10.1016/j.jmig.2014.08.604
http://www.ncbi.nlm.nih.gov/pubmed/28693047
http://dx.doi.org/10.1038/srep21225
http://www.ncbi.nlm.nih.gov/pubmed/26876480
http://dx.doi.org/10.4103/0250-474X.113529
http://www.ncbi.nlm.nih.gov/pubmed/23901154


Pharmaceutics 2017, 9, 46 22 of 26

76. Sousa, F.; Cruz, A.; Fonte, P.; Pinto, I.M.; Neves-Petersen, M.T.; Sarmento, B. A new paradigm for
antiangiogenic therapy through controlled release of bevacizumab from PLGA nanoparticles. Sci. Rep. 2017,
7, 3736. [CrossRef] [PubMed]

77. Pham, E.; Yin, M.; Peters, C.G.; Lee, C.R.; Brown, D.; Xu, P.; Man, S.; Jayaraman, L.; Rohde, E.; Chow, A.;
et al. Preclinical Efficacy of Bevacizumab with CRLX101, an Investigational Nanoparticle-Drug Conjugate, in
Treatment of Metastatic Triple-Negative Breast Cancer. Cancer Res. 2016, 76, 4493–4503. [CrossRef] [PubMed]

78. Keefe, S.M.; Hoffman-Censits, J.; Cohen, R.B.; Mamtani, R.; Heitjan, D.; Eliasof, S.; Nixon, A.; Turnbull, B.;
Garmey, E.G.; Gunnarsson, O.; et al. Efficacy of the nanoparticle-drug conjugate CRLX101 in combination
with bevacizumab in metastatic renal cell carcinoma: Results of an investigator-initiated phase I-IIa clinical
trial. Ann. Oncol. 2016, 27, 1579–1585. [CrossRef] [PubMed]

79. Zhu, J.; Fu, F.; Xiong, Z.; Shen, M.; Shi, X. Dendrimer-entrapped gold nanoparticles modified with RGD
peptide and alpha-tocopheryl succinate enable targeted theranostics of cancer cells. Colloids Surf. B
Biointerfaces 2015, 133, 36–42. [CrossRef] [PubMed]

80. He, X.; Alves, C.S.; Oliveira, N.; Rodrigues, J.; Zhu, J.; Banyai, I.; Tomas, H.; Shi, X. RGD peptide-modified
multifunctional dendrimer platform for drug encapsulation and targeted inhibition of cancer cells.
Colloids Surf. B Biointerfaces 2015, 125, 82–89. [CrossRef] [PubMed]

81. Dickreuter, E.; Cordes, N. The cancer cell adhesion resistome: mechanisms, targeting and translational
approaches. Biol. Chem. 2017, 398, 721–735. [CrossRef] [PubMed]

82. Thao, L.Q.; Lee, C.; Kim, B.; Lee, S.; Kim, T.H.; Kim, J.O.; Lee, E.S.; Oh, K.T.; Choi, H.G.; Yoo, S.D.;
et al. Doxorubicin and paclitaxel co-bound lactosylated albumin nanoparticles having targetability to
hepatocellular carcinoma. Colloids Surf. B Biointerfaces 2017, 152, 183–191. [CrossRef] [PubMed]

83. Hu, Z.; Rao, B.; Chen, S.; Duanmu, J. Selective and effective killing of angiogenic vascular endothelial cells
and cancer cells by targeting tissue factor using a factor VII-targeted photodynamic therapy for breast cancer.
Breast Cancer Res. Treat. 2011, 126, 589–600. [CrossRef] [PubMed]

84. Chen, Q.; Chen, J.; Liang, C.; Feng, L.; Dong, Z.; Song, X.; Song, G.; Liu, Z. Drug-induced co-assembly
of albumin/catalase as smart nano-theranostics for deep intra-tumoral penetration, hypoxia relieve, and
synergistic combination therapy. J. Control. Release 2016, 263, 79–89. [CrossRef] [PubMed]

85. Wu, L.; Chen, M.; Mao, H.; Wang, N.; Zhang, B.; Zhao, X.; Qian, J.; Xing, C. Albumin-based nanoparticles as
methylprednisolone carriers for targeted delivery towards the neonatal Fc receptor in glomerular podocytes.
Int. J. Mol. Med. 2017, 39, 851–860. [CrossRef] [PubMed]

86. Zuo, H.; Chen, W.; Cooper, H.M.; Xu, Z.P. A Facile Way of Modifying Layered Double Hydroxide
Nanoparticles with Targeting Ligand-Conjugated Albumin for Enhanced Delivery to Brain Tumour Cells.
ACS Appl. Mater. Interfaces 2017, 9, 20444–20453. [CrossRef] [PubMed]

87. Chen, Q.; Wang, X.; Wang, C.; Feng, L.; Li, Y.; Liu, Z. Drug-Induced Self-Assembly of Modified Albumins
as Nano-theranostics for Tumor-Targeted Combination Therapy. ACS Nano 2015, 9, 5223–5233. [CrossRef]
[PubMed]

88. Kibria, G.; Hatakeyama, H.; Sato, Y.; Harashima, H. Anti-tumor effect via passive anti-angiogenesis of
PEGylated liposomes encapsulating doxorubicin in drug resistant tumors. Int. J. Pharm. 2016, 509, 178–187.
[CrossRef] [PubMed]

89. Adochite, R.C.; Moshnikova, A.; Carlin, S.D.; Guerrieri, R.A.; Andreev, O.A.; Lewis, J.S.; Reshetnyak, Y.K.
Targeting breast tumors with pH (low) insertion peptides. Mol. Pharm. 2014, 11, 2896–2905. [CrossRef]
[PubMed]

90. Weerakkody, D.; Moshnikova, A.; El-Sayed, N.S.; Adochite, R.C.; Slaybaugh, G.; Golijanin, J.; Tiwari, R.K.;
Andreev, O.A.; Parang, K.; Reshetnyak, Y.K. Novel pH-Sensitive Cyclic Peptides. Sci. Rep. 2016, 6, 31322.
[CrossRef] [PubMed]

91. Adochite, R.C.; Moshnikova, A.; Golijanin, J.; Andreev, O.A.; Katenka, N.V.; Reshetnyak, Y.K. Comparative
Study of Tumor Targeting and Biodistribution of pH (Low) Insertion Peptides (pHLIP((R)) Peptides)
Conjugated with Different Fluorescent Dyes. Mol. Imaging Biol. 2016, 18, 686–696. [CrossRef] [PubMed]

92. Tapmeier, T.T.; Moshnikova, A.; Beech, J.; Allen, D.; Kinchesh, P.; Smart, S.; Harris, A.; McIntyre, A.;
Engelman, D.M.; Andreev, O.A.; et al. The pH low insertion peptide pHLIP Variant 3 as a novel marker of
acidic malignant lesions. Proc. Natl. Acad. Sci. USA 2015, 112, 9710–9715. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-017-03959-4
http://www.ncbi.nlm.nih.gov/pubmed/28623267
http://dx.doi.org/10.1158/0008-5472.CAN-15-3435
http://www.ncbi.nlm.nih.gov/pubmed/27325647
http://dx.doi.org/10.1093/annonc/mdw188
http://www.ncbi.nlm.nih.gov/pubmed/27457310
http://dx.doi.org/10.1016/j.colsurfb.2015.05.040
http://www.ncbi.nlm.nih.gov/pubmed/26070049
http://dx.doi.org/10.1016/j.colsurfb.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25437067
http://dx.doi.org/10.1515/hsz-2016-0326
http://www.ncbi.nlm.nih.gov/pubmed/28002024
http://dx.doi.org/10.1016/j.colsurfb.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28110040
http://dx.doi.org/10.1007/s10549-010-0957-1
http://www.ncbi.nlm.nih.gov/pubmed/20514515
http://dx.doi.org/10.1016/j.jconrel.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27840167
http://dx.doi.org/10.3892/ijmm.2017.2902
http://www.ncbi.nlm.nih.gov/pubmed/28259932
http://dx.doi.org/10.1021/acsami.7b06421
http://www.ncbi.nlm.nih.gov/pubmed/28574700
http://dx.doi.org/10.1021/acsnano.5b00640
http://www.ncbi.nlm.nih.gov/pubmed/25950506
http://dx.doi.org/10.1016/j.ijpharm.2016.05.047
http://www.ncbi.nlm.nih.gov/pubmed/27234700
http://dx.doi.org/10.1021/mp5002526
http://www.ncbi.nlm.nih.gov/pubmed/25004202
http://dx.doi.org/10.1038/srep31322
http://www.ncbi.nlm.nih.gov/pubmed/27515582
http://dx.doi.org/10.1007/s11307-016-0949-6
http://www.ncbi.nlm.nih.gov/pubmed/27074841
http://dx.doi.org/10.1073/pnas.1509488112
http://www.ncbi.nlm.nih.gov/pubmed/26195776


Pharmaceutics 2017, 9, 46 23 of 26

93. Karabadzhak, A.G.; An, M.; Yao, L.; Langenbacher, R.; Moshnikova, A.; Adochite, R.C.; Andreev, O.A.;
Reshetnyak, Y.K.; Engelman, D.M. pHLIP-FIRE, a cell insertion-triggered fluorescent probe for imaging
tumors demonstrates targeted cargo delivery in vivo. ACS Chem. Biol. 2014, 9, 2545–2553. [CrossRef]
[PubMed]

94. Reshetnyak, Y.K. Imaging Tumor Acidity: pH-Low Insertion Peptide Probe for Optoacoustic Tomography.
Clin. Cancer Res. 2015, 21, 4502–4504. [CrossRef] [PubMed]

95. Tang, S.; Yin, Q.; Su, J.; Sun, H.; Meng, Q.; Chen, Y.; Chen, L.; Huang, Y.; Gu, W.; Xu, M.; et al. Inhibition of
metastasis and growth of breast cancer by pH-sensitive poly (beta-amino ester) nanoparticles co-delivering
two siRNA and paclitaxel. Biomaterials 2015, 48, 1–15. [CrossRef] [PubMed]

96. Zhang, H.; Ji, Y.; Chen, Q.; Zhu, X.; Zhang, X.; Tan, Z.; Tian, Q.; Yang, X.; Zhang, Z. In vitro and in vivo
chemo-phototherapy of magnetic TiO2 drug delivery system formed by pH-sensitive coordination bond.
J. Biomater. Appl. 2016, 31, 568–581. [CrossRef] [PubMed]

97. Thurn, K.T.; Paunesku, T.; Wu, A.; Brown, E.M.; Lai, B.; Vogt, S.; Maser, J.; Aslam, M.; Dravid, V.; Bergan, R.;
et al. Labeling TiO2 nanoparticles with dyes for optical fluorescence microscopy and determination of
TiO2-DNA nanoconjugate stability. Small 2009, 5, 1318–1325. [CrossRef] [PubMed]

98. Miyauchi, M.; Li, Y.; Shimizu, H. Enhanced degradation in nanocomposites of TiO2 and biodegradable
polymer. Environ. Sci. Technol. 2008, 42, 4551–4554. [CrossRef] [PubMed]

99. Chen, C.; Lv, G.; Pan, C.; Song, M.; Wu, C.; Guo, D.; Wang, X.; Chen, B.; Gu, Z. Poly(lactic acid) (PLA) based
nanocomposites–A novel way of drug-releasing. Biomed. Mater. 2007, 2, L1–L4. [CrossRef] [PubMed]

100. Wu, W.; Chen, B.; Cheng, J.; Wang, J.; Xu, W.; Liu, L.; Xia, G.; Wei, H.; Wang, X.; Yang, M.; et al.
Biocompatibility of Fe3O4/DNR magnetic nanoparticles in the treatment of hematologic malignancies.
Int. J. Nanomed. 2010, 5, 1079–1084. [CrossRef]

101. Sun, J.; Zhou, S.; Hou, P.; Yang, Y.; Weng, J.; Li, X.; Li, M. Synthesis and characterization of biocompatible
Fe3O4 nanoparticles. J. Biomed. Mater. Res. A 2007, 80, 333–341. [CrossRef] [PubMed]

102. Chen, W.-H.; Luo, G.F.; Qiu, W.X.; Lei, Q.; Liu, L.H.; Zheng, D.-W.; Hong, S.; Cheng, S.X.; Zhang, X.-Z.
Tumor-Triggered Drug Release with Tumor-Targeted Accumulation and Elevated Drug Retention To
Overcome Multidrug Resistance. Chem. Mater. 2016, 28, 6742–6752. [CrossRef]

103. Nedrow, J.R.; Josefsson, A.; Park, S.; Back, T.; Hobbs, R.F.; Brayton, C.; Bruchertseifer, F.; Morgenstern, A.;
Sgouros, G. Pharmacokinetics, microscale distribution, and dosimetry of alpha-emitter-labeled anti-PD-L1
antibodies in an immune competent transgenic breast cancer model. EJNMMI Res. 2017, 7, 57. [CrossRef]
[PubMed]

104. Dhule, S.S.; Penfornis, P.; He, J.; Harris, M.R.; Terry, T.; John, V.; Pochampally, R. The combined effect of
encapsulating curcumin and C6 ceramide in liposomal nanoparticles against osteosarcoma. Mol. Pharm.
2014, 11, 417–427. [CrossRef] [PubMed]

105. Li, Y.Y.; Lam, S.K.; Zheng, C.Y.; Ho, J.C. The Effect of Tumor Microenvironment on Autophagy and Sensitivity
to Targeted Therapy in EGFR-Mutated Lung Adenocarcinoma. J. Cancer 2015, 6, 382–386. [CrossRef]
[PubMed]

106. Li, Y.; Atkinson, K.; Zhang, T. Combination of chemotherapy and cancer stem cell targeting agents: Preclinical
and clinical studies. Cancer Lett. 2017, 396, 103–109. [CrossRef] [PubMed]

107. Liu, Y.; Sun, J.; Cao, W.; Yang, J.; Lian, H.; Li, X.; Sun, Y.; Wang, Y.; Wang, S.; He, Z. Dual targeting
folate-conjugated hyaluronic acid polymeric micelles for paclitaxel delivery. Int. J. Pharm. 2011, 421, 160–169.
[CrossRef] [PubMed]

108. Sriraman, S.K.; Salzano, G.; Sarisozen, C.; Torchilin, V. Anti-cancer activity of doxorubicin-loaded liposomes
co-modified with transferrin and folic acid. Eur. J. Pharm. Biopharm. 2016, 105, 40–49. [CrossRef] [PubMed]

109. Salvati, A.; Pitek, A.S.; Monopoli, M.P.; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, P.M.; Aberg, C.;
Mahon, E.; Dawson, K.A. Transferrin-functionalized nanoparticles lose their targeting capabilities when a
biomolecule corona adsorbs on the surface. Nat. Nanotechnol. 2013, 8, 137–143. [CrossRef] [PubMed]

110. Wang, F.; Chen, L.; Zhang, R.; Chen, Z.; Zhu, L. RGD peptide conjugated liposomal drug delivery system for
enhance therapeutic efficacy in treating bone metastasis from prostate cancer. J. Control. Release 2014, 196,
222–233. [CrossRef] [PubMed]

111. Khatri, N.; Baradia, D.; Vhora, I.; Rathi, M.; Misra, A. cRGD grafted liposomes containing inorganic
nano-precipitate complexed siRNA for intracellular delivery in cancer cells. J. Control. Release 2014, 182,
45–57. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/cb500388m
http://www.ncbi.nlm.nih.gov/pubmed/25184440
http://dx.doi.org/10.1158/1078-0432.CCR-15-1502
http://www.ncbi.nlm.nih.gov/pubmed/26224874
http://dx.doi.org/10.1016/j.biomaterials.2015.01.049
http://www.ncbi.nlm.nih.gov/pubmed/25701027
http://dx.doi.org/10.1177/0885328216656098
http://www.ncbi.nlm.nih.gov/pubmed/27334128
http://dx.doi.org/10.1002/smll.200801458
http://www.ncbi.nlm.nih.gov/pubmed/19242946
http://dx.doi.org/10.1021/es800097n
http://www.ncbi.nlm.nih.gov/pubmed/18605585
http://dx.doi.org/10.1088/1748-6041/2/4/L01
http://www.ncbi.nlm.nih.gov/pubmed/18458473
http://dx.doi.org/10.2147/IJN.S15660
http://dx.doi.org/10.1002/jbm.a.30909
http://www.ncbi.nlm.nih.gov/pubmed/17001648
http://dx.doi.org/10.1021/acs.chemmater.6b03236
http://dx.doi.org/10.1186/s13550-017-0303-2
http://www.ncbi.nlm.nih.gov/pubmed/28721684
http://dx.doi.org/10.1021/mp400366r
http://www.ncbi.nlm.nih.gov/pubmed/24380633
http://dx.doi.org/10.7150/jca.11187
http://www.ncbi.nlm.nih.gov/pubmed/25767609
http://dx.doi.org/10.1016/j.canlet.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28300634
http://dx.doi.org/10.1016/j.ijpharm.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21945183
http://dx.doi.org/10.1016/j.ejpb.2016.05.023
http://www.ncbi.nlm.nih.gov/pubmed/27264717
http://dx.doi.org/10.1038/nnano.2012.237
http://www.ncbi.nlm.nih.gov/pubmed/23334168
http://dx.doi.org/10.1016/j.jconrel.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25456829
http://dx.doi.org/10.1016/j.jconrel.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24631861


Pharmaceutics 2017, 9, 46 24 of 26

112. Gao, M.; Xu, Y.; Qiu, L. Enhanced combination therapy effect on paclitaxel-resistant carcinoma by chloroquine
co-delivery via liposomes. Int. J. Nanomed. 2015, 10, 6615–6632. [CrossRef]

113. Schroeder, A.; Sigal, A.; Turjeman, K.; Barenholz, Y. Using PEGylated nano-liposomes to target tissue invaded
by a foreign body. J. Drug Target. 2008, 16, 591–595. [CrossRef] [PubMed]

114. Jia, M.; Li, Y.; Yang, X.; Huang, Y.; Wu, H.; Huang, Y.; Lin, J.; Li, Y.; Hou, Z.; Zhang, Q. Development of both
methotrexate and mitomycin C loaded PEGylated chitosan nanoparticles for targeted drug codelivery and
synergistic anticancer effect. ACS Appl. Mater. Interfaces 2014, 6, 11413–11423. [CrossRef] [PubMed]

115. Lin, J. Tumor-targeted co-delivery of mitomycin C and 10-hydroxycamptothecin via micellar nanocarriers
for enhanced anticancer efficacy. RSC Adv. 2015, 5, 23022–23033. [CrossRef]

116. Sriraman, S.K.; Pan, J.; Sarisozen, C.; Luther, E.; Torchilin, V. Enhanced Cytotoxicity of Folic Acid-Targeted
Liposomes Co-Loaded with C6 Ceramide and Doxorubicin: In Vitro Evaluation on HeLa, A2780-ADR,
and H69-AR Cells. Mol. Pharm. 2016, 13, 428–437. [CrossRef] [PubMed]

117. Pawar, H.; Surapaneni, S.K.; Tikoo, K.; Singh, C.; Burman, R.; Gill, M.S.; Suresh, S. Folic acid functionalized
long-circulating co-encapsulated docetaxel and curcumin solid lipid nanoparticles: In vitro evaluation,
pharmacokinetic and biodistribution in rats. Drug Deliv. 2016, 23, 1453–1468. [CrossRef] [PubMed]

118. Malarvizhi, G.L.; Retnakumari, A.P.; Nair, S.; Koyakutty, M. Transferrin targeted core-shell nanomedicine for
combinatorial delivery of doxorubicin and sorafenib against hepatocellular carcinoma. Nanomedicine 2014,
10, 1649–1659. [CrossRef] [PubMed]

119. Sarisozen, C.; Abouzeid, A.H.; Torchilin, V.P. The effect of co-delivery of paclitaxel and curcumin by
transferrin-targeted PEG-PE-based mixed micelles on resistant ovarian cancer in 3-D spheroids and in vivo
tumors. Eur. J. Pharm. Biopharm. 2014, 88, 539–550. [CrossRef] [PubMed]

120. Cui, T.; Zhang, S.; Sun, H. Co-delivery of doxorubicin and pH-sensitive curcumin prodrug by
transferrin-targeted nanoparticles for breast cancer treatment. Oncol. Rep. 2017, 37, 1253–1260. [CrossRef]
[PubMed]

121. Abetov, D.; Mustapova, Z.; Saliev, T.; Bulanin, D.; Batyrbekov, K.; Gilman, C.P. Novel Small Molecule
Inhibitors of Cancer Stem Cell Signaling Pathways. Stem Cell. Rev. 2015, 11, 909–918. [CrossRef] [PubMed]

122. Hong, I.S.; Jang, G.B.; Lee, H.Y.; Nam, J.S. Targeting cancer stem cells by using the nanoparticles. Int. J.
Nanomed. 2015, 10, 251–260. [CrossRef]

123. Li, S.Y.; Sun, R.; Wang, H.X.; Shen, S.; Liu, Y.; Du, X.J.; Zhu, Y.H.; Jun, W. Combination therapy with
epigenetic-targeted and chemotherapeutic drugs delivered by nanoparticles to enhance the chemotherapy
response and overcome resistance by breast cancer stem cells. J. Control. Release 2015, 205, 7–14. [CrossRef]
[PubMed]

124. Arabi, L.; Badiee, A.; Mosaffa, F.; Jaafari, M.R. Targeting CD44 expressing cancer cells with anti-CD44
monoclonal antibody improves cellular uptake and antitumor efficacy of liposomal doxorubicin. J. Control.
Release 2015, 220, 275–286. [CrossRef] [PubMed]

125. Yang, Z. Hybrid nanoparticles coated with hyaluronic acid lipoid for targeted co-delivery of paclitaxel
and curcumin to synergistically eliminate breast cancer stem cells. J. Mater. Chem. B 2017, 5, 6762–6775.
[CrossRef]

126. Wang, S.; Zhang, J.; Wang, Y.; Chen, M. Hyaluronic acid-coated PEI-PLGA nanoparticles mediated co-delivery
of doxorubicin and miR-542-3p for triple negative breast cancer therapy. Nanomedicine 2016, 12, 411–420.
[CrossRef] [PubMed]

127. Assanhou, A.G.; Li, W.; Zhang, L.; Xue, L.; Kong, L.; Sun, H.; Mo, R.; Zhang, C. Reversal of multidrug
resistance by co-delivery of paclitaxel and lonidamine using a TPGS and hyaluronic acid dual-functionalized
liposome for cancer treatment. Biomaterials 2015, 73, 284–295. [CrossRef] [PubMed]

128. Liang, F.; Wang, B.; Bao, L.; Zhao, Y.S.; Zhang, S.M.; Zhang, S.Q. Overexpression of ILK promotes
temozolomide resistance in glioma cells. Mol. Med. Rep. 2017, 15, 1297–1304. [CrossRef] [PubMed]

129. Xu, D.; Lu, Q.; Hu, X. Down-regulation of P-glycoprotein expression in MDR breast cancer cell MCF-7/ADR
by honokiol. Cancer Lett. 2006, 243, 274–280. [CrossRef] [PubMed]

130. Yoon, Y.K.; Kim, H.P.; Han, S.W.; Hur, H.S.; Oh, D.Y.; Im, S.A.; Bang, Y.J.; Kim, T.Y. Combination of EGFR
and MEK1/2 inhibitor shows synergistic effects by suppressing EGFR/HER3-dependent AKT activation in
human gastric cancer cells. Mol. Cancer Ther. 2009, 8, 2526–2536. [CrossRef] [PubMed]

http://dx.doi.org/10.2147/IJN.S91463
http://dx.doi.org/10.1080/10611860802228939
http://www.ncbi.nlm.nih.gov/pubmed/18686129
http://dx.doi.org/10.1021/am501932s
http://www.ncbi.nlm.nih.gov/pubmed/24977925
http://dx.doi.org/10.1039/C4RA14602F
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00663
http://www.ncbi.nlm.nih.gov/pubmed/26702994
http://dx.doi.org/10.3109/10717544.2016.1138339
http://www.ncbi.nlm.nih.gov/pubmed/26878325
http://dx.doi.org/10.1016/j.nano.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24905399
http://dx.doi.org/10.1016/j.ejpb.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25016976
http://dx.doi.org/10.3892/or.2017.5345
http://www.ncbi.nlm.nih.gov/pubmed/28075466
http://dx.doi.org/10.1007/s12015-015-9612-x
http://www.ncbi.nlm.nih.gov/pubmed/26210995
http://dx.doi.org/10.2147/IJN.S88310
http://dx.doi.org/10.1016/j.jconrel.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25445694
http://dx.doi.org/10.1016/j.jconrel.2015.10.044
http://www.ncbi.nlm.nih.gov/pubmed/26518722
http://dx.doi.org/10.1039/C7TB01510K
http://dx.doi.org/10.1016/j.nano.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26711968
http://dx.doi.org/10.1016/j.biomaterials.2015.09.022
http://www.ncbi.nlm.nih.gov/pubmed/26426537
http://dx.doi.org/10.3892/mmr.2017.6157
http://www.ncbi.nlm.nih.gov/pubmed/28138714
http://dx.doi.org/10.1016/j.canlet.2005.11.031
http://www.ncbi.nlm.nih.gov/pubmed/16406853
http://dx.doi.org/10.1158/1535-7163.MCT-09-0300
http://www.ncbi.nlm.nih.gov/pubmed/19755509


Pharmaceutics 2017, 9, 46 25 of 26

131. Gao, H.; Qian, J.; Cao, S.; Yang, Z.; Pang, Z.; Pan, S.; Fan, L.; Xi, Z.; Jiang, X.; Zhang, Q. Precise glioma
targeting of and penetration by aptamer and peptide dual-functioned nanoparticles. Biomaterials 2012, 33,
5115–5123. [CrossRef] [PubMed]

132. Guo, Y.; Xu, H.; Li, Y.; Wu, F.; Li, Y.; Bao, Y.; Yan, X.; Huang, Z.; Xu, P. Hyaluronic acid and Arg-Gly-Asp
peptide modified Graphene oxide with dual receptor-targeting function for cancer therapy. J. Biomater. Appl.
2017, 32, 54–65. [CrossRef] [PubMed]

133. Levine, R.M.; Kokkoli, E. Dual-ligand alpha5beta1 and alpha6beta4 integrin targeting enhances gene delivery
and selectivity to cancer cells. J. Control. Release 2017, 251, 24–36. [CrossRef] [PubMed]

134. Li, Y.; Li, R.; Liu, Q.; Li, W.; Zhang, T.; Zou, M.; Li, H.; Wu, T.; Cheng, S.; Su, Z.; et al. One-Step Self-Assembling
Nanomicelles for Pirarubicin Delivery To Overcome Multidrug Resistance in Breast Cancer. Mol. Pharm.
2016, 13, 3934–3944. [CrossRef] [PubMed]

135. Wang, X.; Beitler, J.J.; Wang, H.; Lee, M.J.; Huang, W.; Koenig, L.; Nannapaneni, S.; Amin, A.R.; Bonner, M.;
Shin, H.J.; et al. Honokiol enhances paclitaxel efficacy in multi-drug resistant human cancer model through
the induction of apoptosis. PLoS ONE 2014, 9, e86369. [CrossRef] [PubMed]

136. Ling, S.; Tian, Y.; Zhang, H.; Jia, K.; Feng, T.; Sun, D.; Gao, Z.; Xu, F.; Hou, Z.; Li, Y.; et al. Metformin reverses
multidrug resistance in human hepatocellular carcinoma Bel7402/5fluorouracil cells. Mol. Med. Rep. 2014,
10, 2891–2897. [CrossRef] [PubMed]

137. Zhang, P.; Ling, G.; Sun, J.; Zhang, T.; Yuan, Y.; Sun, Y.; Wang, Z.; He, Z. Multifunctional nanoassemblies for
vincristine sulfate delivery to overcome multidrug resistance by escaping P-glycoprotein mediated efflux.
Biomaterials 2011, 32, 5524–5533. [CrossRef] [PubMed]

138. Chen, D.; Dong, X.; Qi, M.; Song, X.; Sun, J. Dual pH/redox responsive and CD44 receptor targeting hybrid
nano-chrysalis based on new oligosaccharides of hyaluronan conjugates. Carbohydr. Polym. 2017, 157,
1272–1280. [CrossRef] [PubMed]

139. Kakudo, T.; Chaki, S.; Futaki, S.; Nakase, I.; Akaji, K.; Kawakami, T.; Maruyama, K.; Kamiya, H.;
Harashima, H. Transferrin-modified liposomes equipped with a pH-sensitive fusogenic peptide: An artificial
viral-like delivery system. Biochemistry 2004, 43, 5618–5628. [CrossRef] [PubMed]

140. Wang, C.; Wang, X.; Zhong, T.; Zhao, Y.; Zhang, W.Q.; Ren, W.; Huang, D.; Zhang, S.; Guo, Y.; Yao, X.;
et al. The antitumor activity of tumor-homing peptide-modified thermosensitive liposomes containing
doxorubicin on MCF-7/ADR: In vitro and in vivo. Int. J. Nanomed. 2015, 10, 2229–2248. [CrossRef]

141. Zou, Y.; Song, Y.; Yang, W.; Meng, F.; Liu, H.; Zhong, Z. Galactose-installed photo-crosslinked pH-sensitive
degradable micelles for active targeting chemotherapy of hepatocellular carcinoma in mice. J. Control. Release
2014, 193, 154–161. [CrossRef] [PubMed]

142. Choi, J.Y.; Ramasamy, T.; Kim, S.Y.; Kim, J.; Ku, S.K.; Youn, Y.S.; Kim, J.R.; Jeong, J.H.; Choi, H.G.; Yong, C.S.;
et al. PEGylated lipid bilayer-supported mesoporous silica nanoparticle composite for synergistic co-delivery
of axitinib and celastrol in multi-targeted cancer therapy. Acta Biomater. 2016, 39, 94–105. [CrossRef]
[PubMed]

143. Feng, Q.; Yu, M.Z.; Wang, J.C.; Hou, W.J.; Gao, L.Y.; Ma, X.F.; Pei, X.W.; Niu, Y.J.; Liu, X.Y.; Qiu, C.; et al.
Synergistic inhibition of breast cancer by co-delivery of VEGF siRNA and paclitaxel via vapreotide-modified
core-shell nanoparticles. Biomaterials 2014, 35, 5028–5038. [CrossRef] [PubMed]

144. Li, X.; Wu, M.; Pan, L.; Shi, J. Tumor vascular-targeted co-delivery of anti-angiogenesis and chemotherapeutic
agents by mesoporous silica nanoparticle-based drug delivery system for synergetic therapy of tumor. Int. J.
Nanomed. 2016, 11, 93–105. [CrossRef] [PubMed]

145. Yang, Z.Z.; Li, J.Q.; Wang, Z.Z.; Dong, D.W.; Qi, X.R. Tumor-targeting dual peptides-modified cationic
liposomes for delivery of siRNA and docetaxel to gliomas. Biomaterials 2014, 35, 5226–5239. [CrossRef]
[PubMed]

146. Whitwell, H.; Mackay, R.M.; Elgy, C.; Morgan, C.; Griffiths, M.; Clark, H.; Skipp, P.; Madsen, J. Nanoparticles
in the lung and their protein corona: The few proteins that count. Nanotoxicology 2016, 10, 1385–1394.
[CrossRef] [PubMed]

147. Wang, Y.; Shi, K.; Zhang, L.; Hu, G.; Wan, J.; Tang, J.; Yin, S.; Duan, J.; Qin, M.; Wang, N.; et al. Significantly
enhanced tumor cellular and lysosomal hydroxychloroquine delivery by smart liposomes for optimal
autophagy inhibition and improved antitumor efficiency with liposomal doxorubicin. Autophagy 2016, 12,
949–962. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2012.03.058
http://www.ncbi.nlm.nih.gov/pubmed/22484043
http://dx.doi.org/10.1177/0885328217712110
http://www.ncbi.nlm.nih.gov/pubmed/28554233
http://dx.doi.org/10.1016/j.jconrel.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28215671
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00712
http://www.ncbi.nlm.nih.gov/pubmed/27744704
http://dx.doi.org/10.1371/journal.pone.0086369
http://www.ncbi.nlm.nih.gov/pubmed/24586249
http://dx.doi.org/10.3892/mmr.2014.2614
http://www.ncbi.nlm.nih.gov/pubmed/25310259
http://dx.doi.org/10.1016/j.biomaterials.2011.04.022
http://www.ncbi.nlm.nih.gov/pubmed/21546082
http://dx.doi.org/10.1016/j.carbpol.2016.10.089
http://www.ncbi.nlm.nih.gov/pubmed/27987832
http://dx.doi.org/10.1021/bi035802w
http://www.ncbi.nlm.nih.gov/pubmed/15134436
http://dx.doi.org/10.2147/IJN.S79840
http://dx.doi.org/10.1016/j.jconrel.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24852094
http://dx.doi.org/10.1016/j.actbio.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27163403
http://dx.doi.org/10.1016/j.biomaterials.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24680191
http://dx.doi.org/10.2147/IJN.S81156
http://www.ncbi.nlm.nih.gov/pubmed/26766908
http://dx.doi.org/10.1016/j.biomaterials.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24695093
http://dx.doi.org/10.1080/17435390.2016.1218080
http://www.ncbi.nlm.nih.gov/pubmed/27465202
http://dx.doi.org/10.1080/15548627.2016.1162930
http://www.ncbi.nlm.nih.gov/pubmed/27123811


Pharmaceutics 2017, 9, 46 26 of 26

148. Li, J.; Liu, J.; Li, S.; Hao, Y.; Chen, L.; Zhang, X. Antibody h-R3-dendrimer mediated siRNA has excellent
endosomal escape and tumor targeted delivery ability, and represents efficient siPLK1 silencing and
inhibition of cell proliferation, migration and invasion. Oncotarget 2016, 7, 13782–13796. [CrossRef] [PubMed]

149. Tawiah, K.D.; Porciani, D.; Burke, D.H. Toward the Selection of Cell Targeting Aptamers with Extended
Biological Functionalities to Facilitate Endosomal Escape of Cargoes. Biomedicines 2017, 5, 51. [CrossRef]
[PubMed]

150. Li, Y.; Gao, L.; Tan, X.; Li, F.; Zhao, M.; Peng, S. Lipid rafts-mediated endocytosis and physiology-based cell
membrane traffic models of doxorubicin liposomes. Biochim. Biophys. Acta 2016, 1858, 1801–1811. [CrossRef]
[PubMed]

151. Zhang, D.; Li, J.Y.; Wang, X.C.; Yue, H.X.; Hu, M.N.; Yu, X.; Xu, H. [Preparation and evaluation of doxorubicin
hydrochloride liposomes modified by poly(2-ethyl-2-oxazoline)-cholesteryl methyl carbonate]. Yao Xue
Xue Bao 2015, 50, 1174–1179. [PubMed]

152. Rombouts, K.; Martens, T.F.; Zagato, E.; Demeester, J.; De Smedt, S.C.; Braeckmans, K.; Remaut, K. Effect
of covalent fluorescence labeling of plasmid DNA on its intracellular processing and transfection with
lipid-based carriers. Mol. Pharm. 2014, 11, 1359–1368. [CrossRef] [PubMed]

153. Gujrati, M.; Malamas, A.; Shin, T.; Jin, E.; Sun, Y.; Lu, Z.R. Multifunctional cationic lipid-based nanoparticles
facilitate endosomal escape and reduction-triggered cytosolic siRNA release. Mol. Pharm. 2014, 11, 2734–2744.
[CrossRef] [PubMed]

154. Varkouhi, A.K.; Scholte, M.; Storm, G.; Haisma, H.J. Endosomal escape pathways for delivery of biologicals.
J. Control. Release 2011, 151, 220–228. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.18632/oncotarget.7368
http://www.ncbi.nlm.nih.gov/pubmed/26883109
http://dx.doi.org/10.3390/biomedicines5030051
http://www.ncbi.nlm.nih.gov/pubmed/28837119
http://dx.doi.org/10.1016/j.bbamem.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27117641
http://www.ncbi.nlm.nih.gov/pubmed/26757556
http://dx.doi.org/10.1021/mp4003078
http://www.ncbi.nlm.nih.gov/pubmed/24678563
http://dx.doi.org/10.1021/mp400787s
http://www.ncbi.nlm.nih.gov/pubmed/25020033
http://dx.doi.org/10.1016/j.jconrel.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21078351
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Targeted Nanomedicines 
	Targeting Tumor Vasculature 
	Targeting the Tumor Microenvironment 
	Cellular Level Targeting 
	Direct Cellular Targeting 
	Indirect Cellular Targeting 
	Dual Effect (Direct and Indirect) Cellular Targeting 

	Multi-tier (Vascular, Cellular and Tissue Combinations) Targeting 
	Conclusions and Future Direction of Active Targeting 

