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Abstract
Current anticancer therapeutic drugs are restricted by: 1) relatively lower
drug concentrations in tumor tissues; 2) lack of targeted delivery; 3) side
effects resulting from the nonspecific accumulation of drugs in normaltissues;
4) acquired drug resistance. The targeted or selective delivery of anticancer
drugs to tumor cells by nanoparticles has been demonstrated to potentially
reduce the limitations of current drug delivery. In recent years, the development
of tumor-targeted nanoparticles as the next generation of drug carriers has been
extensively studied. Results from largely preclinical studies of various types of
engineered nano carriers show that targeted nanomaterial-facilitated delivery
may further increase the intracellular accumulation of drugs and improve
their antitumor effects compared with non-targeted nanoparticles. However,
developing tumor-targeted nanoparticles for selective anticancer delivery in
vivo requires further understanding on how nanoparticle carriers behave and
function in the complex biological systems, various physiological conditions
and heterogeneous tumor microenvironment in order to better design and
functionalize a nanoparticle delivery system. In this review, we will focus on tumor
targeting strategies with discussions on tumor specific biomarkers, promising
nanomaterials developed and tested for targeted delivery of therapeutics and
imaging, and important issues and challenges for future clinical applications in
oncology.
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Introduction
Tumor targeting is a key strategy in personalized cancer diagnosis
and treatment. The concept of tumor targeting was originally
proposed decades ago to guide the development of “tumor seeking
missiles” or “magic bullets” for cancer treatment [1]. With our
increasing understanding of tumor biology and physiology at cellular
and molecular levels and the discovery of new biomarkers and target
specific treatment and drugs, tumor targeting is now applied in many
major areas of cancer management, including diagnostic imaging,
drug delivery and, most recently “theranostics”, which combines
both diagnosis and therapy [2-6] in a shared platform. In parallel with
tremendous advances in biomedical engineering, tumor biology and
molecular oncology, one major focus in biomedical research is the
development of new functional materials that enable highly efficient
tumor targeting for imaging and delivery of therapeutic agents. Novel
nanotechnologies and nanomaterials with unique properties and
functions have increasingly shown capabilities and advantages in
tumor targeted applications, particularly in the effort to overcome the
challenges and limitations of tumor targeted anticancer drug delivery
[7-10]. With tremendous progress made in the last decade some of
the nanoparticles have already been approved by the FDA or are in
clinical trials [11,12].
Conventional drug delivery routes applied in most current
clinical practices include oral, transdermal, transmuscular and
intravenous delivery, which are not designed to specifically target to
certain cancer cells or cells with specific molecular characteristics.
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In contrast, drug delivery with engineered nanoparticles can be
accomplished in a targeted fashion using both passive and active
targeting strategies as illustrated in Figure 1. Passive targeting takes
advantage of the enhanced permeability and retention effect (EPR)
[13,14] from leaky blood vessels and limited lymphatic drainage
in tumors, which are commonly associated with tumor growth,
to increase the accumulation of drug-carrying nanoparticles in the
tumor mass. Thus, passive targeting enhances the anti-tumor effects
and reduces the side effects of cytotoxic agents through changing
the distribution and pharmacokinetics of nanoparticle-loadeddrugs
without using tumor targeted ligands.
However, counting solely on the increased accumulation of drugs
in the tumor massto deliver drugs is insufficient to attain maximal
cytotoxic effects in cancer cells since most drugs must be taken up
by the tumor cells to exert theiractions. Furthermore, the EPR
effect mainly depends on the presence and the distribution of the
tumor vasculature and its structures. Most solid tumors are highly
heterogeneous with well-vascularized and poorly perfused portions
mixed within the same tumor mass, limiting intra-tumoral delivery
and distribution of drug-carrying nanoparticles. More importantly,
non-targeted delivery vehicles are mainly localized in the extracellular
matrix [15]. Payload drugs may be released and rapidly cleared from
the tumor mass due to increased interstitial pressure before reaching
their cellular targets. In comparison, active targeting based on the
interaction of a targeting ligand and a biomarker, e.g., a cell surface
receptor, not only enables tumor-targeted drug-loaded nanoparticles
to accumulate in the tumor mass via the EPR effect but also facilitates
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22].
In this article, we will mostly focus on drug delivery using tumortargeted nanoparticles with a brief overview of tumor biomarkers
that are specifically suited for targeted drug delivery, and the current
status of nanoparticles for targeted delivery of therapeutics. We will
discuss future prospects of the translational and clinical applications
of nanomaterials, focusing on several important issues and challenges.
Biomarker targets and Targeting strategies

Figure 1: Passive Targeting and Active Targeting for Drug Delivery with
Nanocarriers. Nano carriers are expected to stay in the blood for a long
time, accumulate in tumor sites with affected and leaky vasculatures via the
enhanced permeability and retention (EPR) effect, and facilitate internalization
into cells via active targeting using specific ligand-receptor interactions.

the uptake of drugs into targeted cancer cells from the extracellular
space via receptor-mediated internalization [7,16,17]. Increasing
evidence has shown that targeted nanoparticles have greater
antitumor activity compared with non-targeted nanoparticles [8,18-

Cancer-associated biomarkers are logical choices for the
development of targeted delivery vehicles for selective drug delivery to
tumor cells. While biomarkers can be found in a variety of forms and
systems, many may not be suitable for engineering tumor-targeted
nanoparticles in drug delivery applications. Clinical translation using
nanomaterials as delivery vehicles requires careful consideration of
several important issues and limitations related to tumor targeting
[23-48]. Table 1 provides examples of cancer biomarkers and their
targets that have been used for targeted drug delivery and diagnostic
imaging.
Selection of tumor biomarkers for tumor targeting
Cancer-specific receptors and antigens, which have high
expression on the tumor cell membrane but negligible or low
expression on normal cells, are generally considered to be promising

Table 1: Biomarkers used to engineer tumor-targeted nanoparticles.
Targeted Biomarker
Epidermal growth factor receptor
(EGFR)
Human epidermal growth factor
receptor 2 (Her-2/neu receptor)
Folate receptor

Cancer Cells

Transferrin receptor (TfR)
Urokinase plasminogen activator
receptor (uPAR)
Prostate-specific membrane
antigen (PSMA)
Underglycosylated mucin-1
antigen (uMUC-1)
Interleukin-4 receptors (IL-4Rs)
CXCR4 receptors
Carcinoembryonic antigen (CEA)

Tumor Types
Breast cancer (14-91%), non-small lung cancer (40-80%), esophageal cancer (65-88%), pancreatic cancer (30–50%),
gastric cancer (33–83%), colon cancer (25-77%), ovarian cancer (35-70%), cervical cancer (71-91%), bladder cancer
(31–72%), hepatocellular carcinoma (32.4-66%), headand neck cancers (83-100%), renal cancer (50-90%), glioma
(40–63%) [23,49-51]
Breast cancer (15-30%), non–small cell lung cancer (30–50%), colon cancer (11-20%), gastric cancer (8-53%),
pancreatic cancer (19–45%), renal cancer (16.7-40%), ovarian cancer (25–32%), cervical cancer (10-80%), bladder
cancer (40-70%), prostate adenocarcinomas (34-86%), glioma (20–54%) [23, 52].
Breast cancer (29-48%), non-small lung cancer (66-78%), renal cancer (64-75%), ovarian cancer (82-90%), uterine
cancer (90%), headand neck cancers (45-50%), brain tumors (90%) [53,54].
Breast cancer (65.8-72.7%), non–small cell lung cancer (76-93%), pancreatic cancer (80-93%), hepatocellular carcinoma
(32.4-97%), colon cancer (48%), non-Hodgkin's lymphoma (34.5%), bladder cancer (31.6–78.9%), gliomas (66%)
[26,27,55,56]
Breast cancer (54-90%), lung cancer (80%), pancreatic cancer (40-86%) [28].
Prostate adenocarcinomas (66-94%), bladder cancer (14%) and the neovasculature of many other solid tumors [29,30].
Breast cancer (72.7%), gastric cancer (65%), ovarian cancer (90%), non–small cell lung cancer (43-98%), prostate
adenocarcinomas (17-78%), colon cancer (55%), hepatocellular carcinoma (77%), bladder cancer (93%) [31,32].
Lung cancer (66-79%), headand neck cancers (33%), colon cancer (33%), ovarian cancer (60%) [33-35,57]
Breast cancer (77-83%), pancreatic cancer (55-90%), hepatocellular carcinoma (47.6%), ovarian cancer (36-59%),
prostate adenocarcinomas (79%), colorectal cancer (22%), hepatocellular carcinoma (77%), gastric cancer (30%)
[36,37,58,59]
Breast cancer (60%), colorectal cancer (98.8%), gastric cancer (91.1%), lung cancer (25.4-93.7%), pancreatic cancer
(63.3%) [39,60]

Luteinizing hormone-releasing
hormone receptor (LHRH)

Breast cancer (52%), ovarian cancer (80%), prostate adenocarcinomas (86-95.7%), ovarian cancer (80%) [41]

CD133

Breast cancer, ovarian cancer, colorectal cancer, prostate adenocarcinomas, melanoma, hepatocellular carcinoma [42]

CD44

Breast cancer, colorectal cancer, gastric cancer, ovarian cancer, melanoma [43]

Tumor Stroma

Vascular endothelial growth factor
Neovascular endothelial cells, various solid cancers [61]
receptors (VEGFR)
αvβ3 integrin

Lung cancer, breast cancer neuroblastomas, glioblastomas, melanomas [45,62]

Fibroblast activation protein (FAP) Epithelial cancers, breast cancer [46].
Intercellular adhesion molecule
(ICAM)-1
Lymphocyte function-associated
antigen-1 (LFA-1)
Fibrin–fibronectin complexes

Breast cancer, colon cancer, non-small cell lung cancer, gastric cancer [47].
Various types of leukemia [48]
Various solid cancers [48]
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Table 2: Targeting Ligands Used to Engineer Tumor-Targeted Nanoparticles.
Targeting Ligands

Monoclonal antibodies (Mab)

Antibody fragments

Peptides

Affibodies

Small molecules

Aptamers

Endogenous proteins

Advantages

Disadvantages
Immunogenicity;
High molecular weight;
Low penetration ability;
Expensive cost;

High affinity and specificity for their targets;
Commercially available
Small size;
Low immunogenicity;
Easily obtained at low costs
Low molecular weight;
Good tissue penetration ability,
Lack of immunogenicity;
Easily obtained;
Relative flexibility in chemical conjugation processes;
High stability
Small size;
Ability to penetrate tumor tissue and cell;
High receptor affinity
Many diverse structures and properties;
Low cost;
Small size;
Less immunogenic effects in vivo;
Reproducible and scalable manufacturing
High specificity;
Small size and molecular weight;
Low immunogenicity;
Easy to obtain;
Low immunogenicity;
High binding affinities to targeted receptor;
Low cost;

cell surface targets for tumor-targeted delivery. Nanoparticle-targeted
drug delivery facilitates greater cellular internalization compared
to simple administration of free drugs, which leads to much higher
intracellular drug concentrations and release within the cells, and
consequently enhanced anti-tumor effects. Thus, tumor biomarkers
that facilitate cellular internalization are the preferred choice for the
development of tumor-targeted nanoparticles to carry drugs that act
intracellularly.
EGFR, HER2, FR, PSMA and TfR, as listed in Table 1, have
been extensively studied for tumor cell targeting. Each of these
biomarkers has unique properties, which confer certain advantages
and disadvantages for tumor targeting. For example, EGFR is one of
the most commonly used biomarkers for targeting tumor cells due
to its presence and over expression in almost all solid tumors and its
well-known biological characteristics. However, one concern about
targeting EGFR is that targeting ligands may also induce activation
of the EGFR signaling pathway, which in turn may promote tumor
cell proliferation [63]. One study showed that EGFR-binding GE11
peptide-conjugated nanoparticles could be taken up into cells without
activating the EGFR pathway or reducing the level of EGFR on the cell
surface [63]. TfR is another biomarker that has been successfully used
to engineer tumor-targeted nanoparticles for drug delivery. Among
five targeted nanoparticle drugs in the stage of clinical studies, three
target TfR [8,64].
One exceptionally convenient tumor target for receptor targeted
drug delivery is the Folate Receptor (FR). FR has been demonstrated
to be highly expressed in various solid tumors but absent in normal
tissues. The FR-targeted ligand, vitamin folic acid (FA, molecular
weight: 441), is a small molecule that binds to FR with very high
affinity (Kd = 10-10 M), and thengets internalized into cells via receptor
mediated endocytosis [65]. The ability to deliver therapeutic agents
into cells is a key motivation in the development of FR-targeted drug
Submit your Manuscript | www.austinpublishinggroup.com

Low target affinity;
Susceptibility to proteolytic cleavage
Lower binding affinity to
surface receptors;
Nonspecific adhesion;

Short half-life;
Lower binding affinity to surface receptors;
Lower tumor selectivity
Rapid blood clearance;
Susceptibility to nuclease degradation;
Low stability
Susceptible to early clearance in vivo;
Off-target adverse effects;

delivery that directly affects the intracellular processes. In addition
to its biological significance, there are other practical advantages of
using FA as a targeting ligand for FR, such as: 1) low cost, 2) stable
molecule comparing to other ligands, e.g., antibodies, 3) robust
chemistry and compatibility with both organic and aqueous solvents
for conjugation of FA with therapeutic agents and nanocarriers, and
4) less concern regarding immunogenicity [53]. It is anticipated that
some FR-targeted nanoparticles may be moved forward to the clinic
in the near future.
Selection of targeting ligands to engineer tumor-targeted
nanoparticles
A targeting ligand should render the drug-loaded nanoparticles
able to selectively bind to the surface target and then to be internalized
into the targeted cells. A variety of targeting ligands, including intact
antibodies, antibody fragments, affibodies, peptides, proteins, small
molecules and DNA aptamers, have been used to construct tumortargeted nanoparticles for drug delivery [8,66-70]. The size, molecular
weight, stability, binding specificity and affinity, conjugation process,
tissue penetration, immunogenicity and cost of the ligands should be
considered when selecting the targeting ligand. Table 2 summarizes
the advantages and limitations of the different types of targeting
ligands for in vivo tumor targeting.
Targeting thetumor stroma
The tumor microenvironment is complicated and highly
heterogeneous. A large number of the cells within the tumor mass are
actually not tumor cells but tumor stroma, consisting of fibroblasts
and macrophages. Tumor stroma not only plays important roles
in tumor progression and invasion but is also the major barrier
for tumor cell specific drug delivery. On the other hand, targeting
the stroma is also an attractive strategy for improving the tumor
targeting efficiency [71-74]. Because various cell components
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and biomarkers are present in the stroma, targeting and treating
tumors can be accomplished through targeting multiple markers
and disrupting the tumor microenvironment. ICAM-1, as listed
in Table 1, is over expressed in various solid tumors and stroma;
one recent study showed that paclitaxel-loaded ICAM-1-targeted
nanoparticles internalized efficiently in ICAM-1 positive tumor cells,
tumor-associated endothelium, and macrophages [47]. Other studies
using nanoparticles targeting the stroma markers FAP and Jagged1
also showed enhanced antitumor efficacy [75,76]. Thus, targeting
molecular markers localized in the tumor stroma may provide an
ideal strategy for the treatment of different types of tumors. More
importantly, targeting tumor markers co-existing in the tumor stroma
and tumor cells may provide synergistic advantages in improving the
drug efficacy and treating drug resistant tumors [46].
Targeting the blood brain barrier (BBB)
Delivery of drugs to the brain represents a major challenge
as most conventional chemotherapeutics cannot cross the BBB,
which is composed of diverse cell types such as endothelial and
microglial cells. In addition to this physiological barrier that protects
the brain, there are a number of active efflux mechanisms, such as
the P-glycoprotein (P-gp), that pump out drugs. Therefore, the
application of chemotherapy to brain tumors is limited by significant
delivery challenges. Brain tumor-targeted nanoparticles have the
potential to circumvent this biological barrier without modifying
the structure of the drug molecule. Several mechanisms have been
explored for specific drug delivery to the brain [77,78], which include:
1) masking the unfavorable physicochemical characteristics of the
loadeddrugs; 2) binding or absorbing the drug-nanoparticles to the
surface of apolipoproteins; 3) taking advantage of receptor-mediated
endocytosis by the brain capillary endothelial cells [79]. Using TfRtargeted nanoparticles, Zhang, et al. has shown the successful delivery
of a significantly higher amount of drugs to the brain and enhanced
antitumor efficacy compared to free drugs [80]. They demonstrated
that Tf-modified paclitaxel-loaded polyphosphoester hybrid
micelles (TPM) enhanced cellular uptake and brain accumulation,
which were 2 and 1.8-fold of non-targeted PM, respectively. TPM
exhibited substantial anti-glioma activity, and the mean survival was
significantly longer than those treated with TaxolR80.
Targeting drug resistance
Targeted delivery of drug-loaded nanoparticles may also
provide a potential strategy to overcome the drug resistance that
cancer cells develop against conventional chemotherapy. There are
many mechanisms involved in the development of drug resistance
in cancer cells, such as: 1) reduced influx and/or increased efflux of
drugs; 2) enhanced DNA repair and/or increased damage tolerance;
and 3) failure of cell-death pathways. The decreased accumulation
of drugs may result from either active efflux or impaired influx.
Thus, increasing cellular uptake of drugs by using tumor-targeted
nanoparticles may circumvent drug resistance [81-83]. Another
important cause of drug resistance is that small molecule drugs have
limited ability to penetrate tumor tissue and to reach the tumor
cells [84]. However, tumor-targeted nanoparticles can alter the
pharmacokinetic properties and biodistribution of drugs in vivo,
thus, can deliver higher concentrations of drugs to the tumor sites.
Circumventing drug resistance of tumor cells using nanoparticles
can be accomplished through: 1) inhibiting the function of efflux
Submit your Manuscript | www.austinpublishinggroup.com
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pumps; 2) improved drug retention in tumor cells;3) co-delivery of
efflux pump inhibitors with chemotherapeutics; 4) restoring proper
apoptotic signaling; 5) co-delivery of multiple cytotoxic drugs with
different mechanisms, and controlling drug exposure sequence
[24,85-88].
Targeting tumor metastases
Tumor metastasis is one of the main causes of cancer patient
death, thus, it is a rational therapeutic target for cancer [89]. However,
there is still no efficient therapy for metastasis to date. Although
loaded liposomal nanoparticles encapsulated with doxorubicin
(DoxilR) without specific targeting have been applied in the clinic for
the treatment of patients with metastatic breast cancer, there was no
significant difference in progression-free survival between the DoxilR
and free doxorubicin treated group [90]. Using engineered HER-2targeted iron oxide nanoparticles, Zhang, et al. demonstrated that the
targeted nanoparticles could selectively accumulate in lung, liver and
bone marrow metastasis in a transgenic mouse model of metastatic
breast cancer. Compared with targeting the primary tumor, the
tumor-targeted nanoparticles showed remarkably higher targeting
efficacy in the micrometastasis than the non-targeted nanoparticles
[91]. Another study showed that doxorubicin-loaded Tumor
Metastasis Targeting (TMT) peptide-conjugated nanoparticles
could accumulate at a significantly higher concentration in the
lung metastasis of breast cancer, resulting in enhanced antitumor
efficacy [92]. Typically, drug-loaded nanoparticles must first reach
the site of tumor metastasis, and then target the metastatic cancer
cells. Thus, the binding affinity and specificity of the nano particles
for the relevant targets as well as the physicochemical characteristics
of the nanocarriers have to be considered when developing tumor
metastases-targeted nanoparticles [93].
Targeting intracellular organelles
Active targeting enables drug molecules to be more efficiently
transported to intracellular organelles, facilitating drug action for
targeted and individualized treatments. Therefore, the controlled
intracellular delivery of drugs may provide a significantly higher
antitumor effect using a lower dose of drug. The intracellular
distribution of drug-loaded nanoparticles can be controlled by using
organelle-specific targeting ligands via endogenous intracellular
trafficking mechanisms [94-96]. For example, nuclear DNA is a
target of chemotherapy drugs interfering with DNA replication
and synthesis, such as anthracyclines and cisplatin, however, most
of the nanoparticles are localized in cytoplasmic organelles rather
than the nucleus after entering the cells. Nanoparticles conjugated
with both receptor-targeted and nuclear-targeted ligands have been
demonstrated to achieve significantly greater nuclear accumulation
in vitro [97,98].
Regardless of which target is selected for tumor targeting, only
a small fraction of tumor cells or stroma can be targeted due to
biological barriers and heterogeneity in the tumor mass. There are
many factors that may significantly affect the targeting efficacy of
tumor targeted nanoparticles, such as: 1) the number of available
cell surface receptors; 2) the densities of attached ligands; 3) the
orientation of the ligands and nanoparticles; 4) the chemistry of
linking, which should be considered when engineering tumortargeted nanoparticles for delivery of therapeutics [8,66]. In addition
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families, namely organic and inorganic, according to their composition
and materials. Organic nanocarriers, including liposomes, micelles,
protein-based nanocarriers, DNA-RNA-based nanostructures and
synthetic polymers, are mainly composed of carbon and can be
biodegradable in vivo. In contrast, inorganic nanocarriers usually
consist of metals or metal oxides, such as gold, silver and iron, bringing
unique physical properties and other functional capabilities, such as
imaging and therapeutic interventions. Each type of nanocarrier is
unique in terms of composition, size, charge, shape, and interaction
with the biological medium. Currently several classes of nanoparticle
delivery platforms have been developed for targeted delivery and
image-guided drug delivery, including liposomal micelles, polymeric
nanoparticles and metal or metaloxide nanoparticles (Figure 3).
Figure 2: Nanoconstructs with multi-surface chemistry to serve as targeting
ligands, imaging agentsor therapeutic agents.

to the physicochemical properties of the nanoparticles, the tumortargeting efficacy is also affected by the Mononuclear Phagocytic
System (MPS) and the biological characteristics of the tumor.
Thus, many different strategies can be developed to improve the
tumor targeting efficacy by modulating the above factors, such as:
1) downregulating related macrophage scavenger receptors and
reducing receptor recycling [99]; 2) eliminating plasma opsonins by
injecting decoy particles [100]; 3) targeting biomarkers shared by the
tumor cells and tumor stroma [47]; 4) co-administering nanoparticles
with tumor homing and penetrating peptide [101,102]; 5) decreasing
the pericyte coverage of the tumor vasculature [103]; 6) targeting
multiple biomarkers simultaneously [104]; 7) developing a multistage
nanoparticle system to control the size of the nanoparticles in the
tumor microenvironment [105]; and 8) depleting Kupffer cells ahead
of nanoparticle administration [106].

Nanomaterials and Functionalization
Clinically applicable drug delivery routes include oral, transdermal,
transmuscular and intravenous, with intravenous delivery providing
arguably the highest efficiency. All approaches share common
challenges in overcoming physical and physiological barriers, target
specific delivery, and controlled and sustained release of therapeutic
agents. Among various materials developed for tumor targeted drug
delivery, nanomaterials offer unique properties that can address those
challenges and new capabilities to enhance tumor targeting and drug
delivery efficiency. Current nanotechnology enables engineering
nanoconstructs with complicated and multifunctional properties
that take full advantages of the surface chemistry of nanomaterials
(Figure 2). Nanoparticles have been demonstrated to significantly
improve drug specificity and action. Living Radical Polymerization
(LRP) techniques have been gaining interest in the field of polymeric
micelle based delivery systems for cancer therapeutics and diagnostic
tools. The ability to prepare complex polymeric structures with highly
controlled molecular weights and defined architectures enables
multiple functionalities such as hydrophobic/hydrophilic blocks
needed for self-assembly, stimuli-responsive regions (responding to
CO2, pH and temperature) for triggered drug release, and reactive
groups for drug conjugation, cross-linking and ‘click’ chemistry [107109].
Nanocarriers used for drug delivery can be divided into two main
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When selecting nanoparticles for drug delivery, an ideal
nanocarrier should possess the following properties: 1) no or
low toxicities; 2) biocompatible and degradable; 3) easily and
reproducibly prepared; 4) high drug loading efficacy; 5) controlled
drug release system; 6) selective accumulation in tumor mass; 7)
ability to monitor biodistribution and drug release in real-time; 8)
cost-effective and easily obtained on a large scale. The structure,
properties, synthesis and surface modification of such nanocarriers
have been well described in many published literature including
the selected references [110-121]. Here, their main advantages and
limitations in their applications to drug delivery are summarized in
Table 3.
The size, surface charge and shape of nanoparticles have been
demonstrated to have significant effect on their biodistribution in vivo,
which in turn affects their tumor accumulation capacity. Perrault, et
al. investigated the tumor accumulation of gold nanoparticles with
different sizes (e.g., 20, 40, 60, 80 and 100nm) but the same surface
coating [122]. Gold nanoparticles of 100 nm size achieved the greatest
accumulation, which was 9, 4.3, 40 and 38 times greater than that of
nanoparticles sized 80, 60, 40 and 20 nm, respectively. Furthermore,
tumor accumulation was significantly correlated with the blood halflife of the nanoparticles. The permeation of nanoparticles within
the tumor is also size dependent, such that larger nanoparticles are
mainly localized around the vasculature, while smaller nanoparticles
(less than 20 nm) can diffuse throughout the tumor tissue matrix

Figure 3: Classes of Targeted Nano constructs.
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Table 3: Nanoparticles used for drug delivery.
Classes of Nanoparticles

Liposomes

Micelles

Dendrimers

Protein-based
nanoparticles

Iron Oxide Nanoparticles

Gold Nanoparticles

Quantum Dots

Carbon Nanotube

DNA-RNA
Nanostructures

Advantages

Limitations

Reproducibility limited;
Structure is comparable to the phospholipid membranes of living cells;
Poor drug encapsulation and retention;
Deliver both hydrophobic and hydrophilic drugs;
Low stability;
Relatively nontoxic compared to polymeric nanoparticles;
Aggregation and fusion;
pH and temperature-sensitive liposomes can be used for controlled drug release;
Premature drug release due to leakage.
Size, charge, and surface properties can easily be controlled;
Tendency to break up upon dilution
Generally used for the delivery of hydrophobic drugs;
Large number of surface groups,
Synthesis is difficult and quite expensive;
Multivalent interactions;
The molecules are not well trapped;
Delivery of either hydrophilic or hydrophobic drugs;
Premature drug release;
Functional groups can be tuned;
Biocompatible;
Synthesis of uniform size of nanoparticles is
Biodegradable;
difficult;
Low toxicity;
Immunogenic reactions
High T2 MRI contrast agents;
Biodegradable and low toxicity;
Weak interaction between ligand and particle;
Suitable for imaging-guided drug delivery in vivo;
Easily aggregates and precipitates;
High stability in vivo;
Toxicity concerns,
Photo-thermal therapy is only applicable to
superficial tumors

Easily attached to cancer cells;
Scatter and absorb light very strongly;
Plasmonic photo-thermal therapy;
High levels of brightness and excellent photostability;
Multicolor QDs nanoparticles can be used for simultaneous imaging and tracking
multiple tumor markers;
Simultaneous estimation of tissue drug levels and monitoring of therapeutic
response in vitro;
Ability to be functionalized with various moieties;
Biocompatible hollow structures with a large surface area;
High aspect ratio, with metallic or semi-metallic behavior;
Penetration into the cell;
High biocompatibility;
High design capability;
High biodegradability;
Easy to tune up;

Toxicity concerns

Toxicity concerns;
Limited control over functionalized-carbon
nanotube behavior;
Low stability;
Genome integration risk;
Relatively high cost;

[123]. In addition, nanoparticles with relatively higher molecular
weight usually have higher intra-tumoral accumulation compared
to those with lower molecular weight. Nanoparticle permeation is
also related to the tumor type and grade; some tumors have much
more permeable vasculature than others. When the accumulation
and effectiveness of drug-loaded polymeric micelles of different size
(e.g.,30, 50, 70 and 100 nm) were compared in highly and poorly
permeable tumors [124], the results showed that all the particles could
penetrate the highly permeable tumor, while only the smaller size
nanoparticles (30 nm) were able to penetrate the poorly permeable
tumor. For targeting the stroma, especially for antiangiogenic
therapy, relatively larger nanoparticles (60-100nm) coated with large
mPEG (5 or 10 kDa) may be a better choice, while for tumor-targeted
therapy, nanoparticles with a size of 20 nm may be more suitable.
Although the physicochemical properties of nanoparticles may
not be directly involved in the tumor targeting process, they play
key roles in the interaction of nanoparticles with the biological
environment and are particularly critical to the pharmacokinetics
of targeted nanoparticles in living systems. Increasing evidence over
the past years suggests that the size of nanoparticles may affect their
distribution in vivo. Relatively large nanoparticles (> 200 nm) are
usually taken up by the RES system in liver and spleen, while smaller
size particles (< 6 nm) are quickly eliminated by the kidney [125].
Nanoparticles ranging from 10 to 100 nm are considered to offer the
most effective distribution in certain tissues, especially in tumors
[81,126]. Nanoparticles with positive or negative charge may result
in nonspecific binding and shorter blood circulation time compared
Submit your Manuscript | www.austinpublishinggroup.com

Figure 4: Targeted delivery of nanoconstructs and monitoring their
movements from intravascular, to tumor sites via internalization into tumor
cells demonstrated by imaging.

to nanoparticles with neutral surfaces. The shape of nanoparticle is
another important factor that affects cellular internalization, blood
circulation and biodistribution of the nanoparticles in vivo. Spherical
shaped nanoparticles are more easily taken up by cells than nanorods,
while non-spherical nanoparticles may have longer circulation times
than spherical nanoparticles [127]. Drugs requires an estimated 6
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Table 4: Nanotherapeutics approved and in clinical trials.
Nano-formulations

Payload Drug

Product or Commercial Name

Indication

Development
Status

Non-targeted nanotherapeutic

Myocet

Breast cancer, ovarian cancer, multiple myeloma, Kaposi’s
sarcoma
Breast cancer

MCC-465

Gastric cancer

Doxil/Caelyx
Doxorubicin

Liposomes

Phase I

ThermoDox

Liver cancer, breast cancer

Phase III

DaunoXome

Kaposi’s sarcoma

Approved

Cytarabine

DepoCyt

Lymphomatus meningitis, leukaemia, glioblastoma

Approved

SPI-077

Head and neck cancer, lung cancer

Phase II

Lipoplatin

Various solid cancer

Phase III
Phase I/II

Cisplatin
CKD-602

S-CKD602

Various solid cancer

NL CPT-11

Irinotecan (CPT-11)

Glioma

Phase I

CPX-1

Irinotecan

Colorectal cancer

Phase II

Paclitaxel

Endo-Tag-1

Triple negative breast cancer

phase II

Topotecan

Brakiva

Relapsed solid cancer

Phase I

Vinorelbine

Alocrest™

Newly diagnosed or relapsed solid cancer

Phase I

Paclitaxel

Micelles
Doxorubicin

SN-38

Colorectal cancer

Phase II

Genexol-PM

Breast cancer, lung cancer, ovarian cancer

Approved

NK105

Gastric cancer

Phase II

Paclical

Ovarian cancer

Phase III

NK911

Various solid cancer

Phase III

SP1049C

Various cancers

Phase II

SN-38

NK012

Various solid cancer

Phase II

Oxaliplatin

NC-4016

Various solid cancer

Phase I

L-asparaginase

Oncaspar

Leukaemia

Approved

PK1

Breast cancer, lung cancer, colorectal cancer

Phase II

Doxorubicin

DOX-OXD

Various cancers

Phase I

PK2

Hepatocellular carcinoma

phase I/II

Abraxane

Breast cancer

Approved

Opaxio

Lung cancer, ovarian cancer

Phase III

Docetaxel

Docetaxel-PNP

Various solid cancer

Phase I

Platinum

AP5280

Various solid cancer

Phase II

Oxaliplatin

ProLindac

Ovarian cancer

Phase II

Methotrexate

MTX-HSA

Kidney cancer

Phase II

CRLX101

Various malignancies

Phase II

XMT-1001

Gastric cancer, lung cancer

Phase I

Pegamotecan

Gastric cancer

Phase II

Irinotecan

NKTR-102

Breast cancer, ovarian cancer, colorectal cancer

Phase III

DX-8951
VEGF and KSP
siRNA
PKN3 siRNA

DE-310

Various cancers

Phase I/II

ALN-VSP

Solid tumors

Phase I

Atu027

Advanced solid cancer

Phase I/II

PLK1 siRNA

TKM-080301

Hepatocellular carcinoma

Phase I/II
Phase I/II

Paclitaxel

Camptothecin

RNAi-based
nanoparticles

Approved

Daunorubicin

LE-SN38

Protein-based
nanoparticles

Approved

BCL2 siRNA

PNT2258

Lymphoma

KRAS siRNA

siG12D LODER

Pancreatic cancer

Phase I

eIF5A siRNA

SNS01-T

Phase II

miR-34 siRNA

MRX34

MYC siRNA

DCR-MYC

EPHA2 siRNA

siRNA-EPHA2-DOPC

Multiple myeloma, leukemia
Liver cancer, small cell lung cancer, lymphoma, melanoma,
multiple myeloma, renal cell carcinoma, non-small cell lung
cancer
Solid tumor, multiple myeloma, non-hodgkins lymphoma,
pancreatic neuroendocrine tumor
Advanced cancer
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Tumor-targeted nanotherapeutics
Nano-formulations
Liposome

Protein-based
nanoparticles
RNAi-based
nanoparticles

Payload Drug

Product or Commercial Name

Target

Indication

Status

p53 gene

SGT53-01

Transferrin receptor

Solid tumors

Phase I

Doxorubicin

MCC-465

Tumor antigen

Metastatic stomach cancer

Phase I

Oxaliplatin

MBP-426

Transferrin receptor

Various cancers

Phase I

Docetaxel

BIND-014

PSMA

Various cancers

Phase I

RRM2 siRNA

CALAA-01

Transferrin receptor

Solid tumors

Phase I

hours of blood circulation to enter cells through the EPR effect, thus,
the ideal blood half-time of nanoparticles should be longer than 6
hours [128].
Surface coating and functionalization is one of the key strategies
to alter and improve nanoparticle pharmacokinetics, and thus
enhance targeting. PEGylation is the most common approach
for coating the surface of nanoparticles to minimize or eliminate
opsonization of nanoparticles, thus increase the blood circulation
time of nanoparticles. The blood circulation time, organ distribution
and tumor uptake and potential toxicity of nanoparticles can be
regulated by adjusting PEG density, polymer chain architecture and
molecular weight [112,129-132]. However, there are some drawbacks
when applying PEG to the development of nanotherapeutics, such
as: 1) immune reaction resulting from anti-PEG antibodies on
PEG conjugates; 2) accelerated blood clearance after a second dose;
and 3) relative ease of degradation compared to polymers with a
carbon backbone [133,134]. To overcome these drawbacks, different
synthetic polymers have been studied and used as alternative
polymers to PEG in the development of nanocarriers. These include
poly (glutamic acid) (PGA), poly (hydroxyethyl-l-asparagine)
(PHEA), poly (hydroxyethyl-l-glutamine) (PHEG), L-poly (glycerol)
(PG), poly (acrylamide) (PAAm), poly (vinylpyrrolidone) (PVP),
and poly (N-(2-hydroxypropyl) methacrylamide (PHPMA) and poly
(2-oxazoline) s (POx) (PEG-REPLACE) [134] Among these, the POx
nanocarrierexhibits unique properties, such as: 1) excellent water
solubility; 2) variation of size structure and chemical functionality;
3) high loading capacity, as much as 45 wt.% of active drug such as
paclitaxel can be loaded; 4) high stability; and 5) limited complement
activation [135]. It is expected that POx-based therapeutics may be
moved forward to clinical trials very soon [135-137].
For tumor targeting, a lower density of the targeting ligand on
the nanoparticle surface are recommended [7,138], particularly when
using antibodies and proteins as targeting ligands, as early studies
showed that high ligand densities may not enhance the targeting
ability but rather increase the immunogenicity of nanoparticles,
resulting in acceleration of their opsonization-mediated clearance
[8,111]. Thus, the ligand density and surface properties should be
optimized for maximum targeting effects. The number of receptors
on targeted cells, the binding affinity of ligands to receptors and the
molecular weight and size of ligands should be considered when
determining the ratio of ligands and nanoparticles.
Stimuli-responsive delivery is one of the interesting systems,
which is designed in response to external stimuli (e.g., pH, light, and
magnetic field). Here, the drug release is triggered only at the desired
time and location. When exposed under external stimuli, the polymers
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will undergo physiochemical structural changes, and therefore lose
the well-defined nanoarchitectures releasing drugs directly onto the
tumor cells. For example, pH gradients have been widely used for
controlled release, relying on the abnormally low pH of endosomes
or in tumor cells compared with healthy cells [139-143].
More recently, multifunctional targeted nanoparticles have
become increasingly attractive for various imaging applications.
Taking advantage of their abundant surface area, accommodation
of multiple moieties of targeting ligands and drugs andutilization of
physical properties in imaging, such nanoconstructs enable imageassisted delivery to monitor the accumulation, retention and clearance
of the delivery vehicle in real time, and to potentially quantify the
drug delivery efficiency (Figure 4).

Translation to Clinical Applications
More than 50 anti-cancer drugs are commonly used for cancer
treatment at present. In general, drugs such as docetaxel/paclitaxel,
doxorubicin and platinum-drugs are widely used in the clinic but with
severe side effects. Small molecules, such as small interfering RNA
(siRNA) and nucleic acids that may have high anti-cancer efficacy are
promising candidates for delivery by a nanocarrier system. Since the
first nano-drug Doxil® was approved by the FDA in 1995 [11], more
than 40 different targeted and non-targeted nanoparticle therapeutics
have reached the market or are in clinical development. These are
mainly based on liposome, micelle, and polymeric nanoparticle
delivery systems, and promising clinical results have been obtained
with several new agents [8,114,144-146].
As shown in Table 4, most of the first generation nanotherapeutics
are non-tumor targeted drugs. The enhanced tumor accumulation of
drugs results mainly from the EPR effect with additional contributions
from changes in the PK/PD of loaded drugs. However, the antitumor
efficacy is limited in clinical applications due to the lack of active
targeting. To date, five tumor-targeted nanotherapeutics have been
developed for clinical applications, which pave the way for further
development of targeted nanoparticle delivery systems. Preclinical
studies have demonstrated these tumor-targeted nanotherapeutics
to have significantly enhanced antitumor effects and to be better
tolerated than non-targeted nanotherapeutics and free drugs at the
equivalent doses, and Phase I studies have further demonstrated
the prolongation of circulation time and active targeting to the
tumor [147,148,149]. The potential use of RNAi specific for
important cancer-related genes has several implications. Systemic
administration of siRNA by nanoparticles has opened new windows
for clinical use. Several promising siRNA delivery nanoformulations
[150-154] are under clinical trials and are listed in Table 4. CALAA-01
is the first tumor-targeted nanoparticle to be used to deliver siRNA
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in humans [64,15]. Analysis of tumor samples from patients treated
with CALAA-01 showed that the nanoparticles were internalized into
the tumor cells and delivered to the specific targeted site for cleaving
the mRNA in vivo [155]. This study demonstrated the feasibility of
using tumor-targeted nanoparticles as a carrier to selectively deliver
antitumor agents to their targeted locations in vivo. Further results
such as the antitumor effects are expected to be obtained in the future.
In our own study, when applying CALAA-01 in a xenograft mouse
model of head and neck cancer, we observed that tumor progression
was suppressed significantly by decreasing cell proliferation and
inducing apoptosis [156].
Despite this progress, it remains challenging to move most
tumor-targeted nanoparticles forward to clinical applications, mainly
due to the lack of a “standardized system” to optimize the properties
of tumor-targeted nanoparticles, such as highly effective tumortargeting, evasion of the immune system and controlled drug release.
In addition, the formulation of nanoparticles through a multi-step
synthesis process may produce a large number of nanoparticles with
varying physicochemical properties, such as size, charge, ligand
density and drug loading efficacy. Since these physical and biological
properties may affect the in vivo fate of nanoparticles and treatment
outcomes, such variations can lead to irreproducible results. Taking
this into consideration, one of the successful examples is the
development of Bind-014, which was selected from a combinatorial
library of more than 100 tumor-targeted nanoparticles formulations
from a reproducible, scalable, one-step self-assembly process [148].

Challenges and Future Directions
With unique chemical and physical properties of nanomaterials
and their advantages in biomarker targeting and drug delivery, it
is anticipated that more and variety of engineered nanomaterials
will be developed for biomedical applications in the new era of the
precision and personalizaed medicine in which targeting and tumor
specific delivery will play critical roles. However, the future material
innovation and development need to overcome several major
challenges that have been learned in the past decade.
Improving the delivery efficiency
The engineered nanoparticles developed for in vivo applications
in imaging and drug delivery are subject to closely interact with a
range of physiological environments and various biological materials
that can alter the properties and functions of the nanocarrierdrug complex and induce the responses from the biological
systems, including the immune system [157]. These interactions
can affect pharmacokinetic parameters and toxicity profiles of the
nanoparticles and carried drugs which may lead to significant clinical
consequences. It is now well recognized that whether are composed
of polymeric, liposomal or metal oxide materials, are rapidly cleared
by the Mononuclear Pagocyte System (MPS) after being captured
and engulfed by phagocytic cells, such as hepatic Kupffer cells and
splenic macrophages once intravenously administered. It has been
reported that the peripheral blood monocyte count and phagocytic
function have been shown to correlate with nanocarrier clearance
rates with pegylated liposomal formulations (S-CKD-602, and SPI077) in preclinical rodent and canine models [158] and similarly in
patients [159]. Thus uptake and sequestration of nanoparticles in
cells and organs of the MPS is a major barrier limiting the circulation
Submit your Manuscript | www.austinpublishinggroup.com
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half-life. Furthermore, engineered nano-carriers can quickly absorb
serum proteins in the blood, including IgG, IgM, promoting the
opsonization of the carrier and clearance by the MPS. Therefore, the
nanocarrier-drug complex delivered to tumors is often below 5% of
the administered doses. While pegylation or coating of nanoparticles
with poly-ethylene glycol (PEG) is the most common strategy used
to reduce opsonization, improve stability in plasma, and prolong
circulation time, the results have been not satisfactory. In addition,
recent studies have shown that PEG is not immunologically inert
[160,161]. Clinically, it was shown that PLD activates complement
in the peripheral blood of cancer patients and that the extent of
complement activation correlated with the development of acute
infusion reactions [160]. Administration of pegylated nanoparticles
induces production of anti-PEG IgM antibodies that enhance
immune recognition and clearance of the second dose of nanoparticles
[162]. Therefore, undesired interactions with circulating serum
proteins can affect the pharmacokinetics and tolerability of carriermediated drugs. There is a need of careful investigation and better
understanding of nanoparticle interactions with biological media
and clearance mechanism to guide the development of novel and
improved nanoparticle coating to address this critical shortcoming of
the conventional PEG coating.
Efforts have also been directed to develop ultra-small
nanoparticles that have sizes below the 10 nm to improve the
delivery as these sub-10 nm nanoparticles may have more efficient
extravasation with enhanced EPR effect [163, 164] and less hindrance
to reach the tumors and are less susceptible to the MPS clearance
[165,166]. Therefore, new synthetic and size control approaches for
preparing and functionalizing these ultra-small nanoparticles are
needed, although the issues of filtration through kidney tubules need
to be further studied.
Improving specificity and targeting efficiency
As targeting with high specificity remains to be a major area
of focus in developing nanomaterials for precision medicine and
biomarker specific treatment, the current efforts in discovering and
validating new biomarkers, developing new targeting ligands and
chemistry for surface functionalization may also need to consider
other factors important to the passive and active targeting of the
tumors. One issue that has increasingly recognized is that the nonspecific interactions between nanoparticles and biological materials
as discussed above also leads to the changes of nanoparticle surface
and functional properties [167]. The interactions of nanoparticles
with biomacromolecules, such as proteins in blood, interstitial fluid,
and cellular cytoplasm after systemic administration cause rapid nonspecific adsorption of these proteins, leading to the formation of a
protein coating, also known as corona, on the nanoparticle surface.
The presence of protein corona is responsible for attenuation of the
targeting specificity [168] in addition to promoting the fast clearance
of nanoparticles by the MPS and RES. The surface absorption of
biomacromolecues and non-specific uptake of normal tissue and
cells, as known as biofouling effect, results in the substantial reduction
in targeting efficiency as the protein corona can cover the functional
moiety or targeting ligands on the nanoparticle surfaces. Given the
immunogenicity concern of PEG and its less optimal performance in
reducing protein corona formation, other coating materials, such as
polysaccharides, and zwitterionic polymers, have been investigated to
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provide antifouling capability to limit the protein corona [169-171].
Recently, Li, et al. [172] developed an antifouling amphiphilic diblock
coating polymer that incorporates PEG chain with NH2 groups for
surface functionalization and hydrophobic allyl glycidyl ether (AGE)
moieties that provide a control over hydrophobic percentage and
ligand density of the coating polymer with allyl groups of AGE used
for conjugating a variety of functional moieties. This PEG-b-AGE
copolymer was used for coating iron oxide nanoparticles (IONPs)
to demonstrate the excellent anti-fouling effect in preventing the
formation of protein corona and the nonspecific uptake by a variety
of cell lines, including macrophages. The targeting ligand modified
PEG-b-AGE polymer coated IONP showed excellent targeting
specificity with improved targeting efficiency as the result of reduced
non-specific interactions and formation of the protein corona. It
is expected that the new approaches and materials that enable not
only targeting but also reducing the non-specificity will gain more
attentions in the future as provide the benefits of both improved
targeting and low non-specific uptake of normal tissues and organs
with reduced toxicity.
Reducing toxicity
It is widely recognized that the physical and chemical properties
of a nanomaterial directly influence a variety of functional
performances and outcomes, including biodistribution, clearance,
and immunotoxicity [173-175]. To date, the toxicity of tumortargeted nanoparticles in vivo has not been as intensively studied as
the antitumor efficacy. Nanoparticles have been reported to be able to
stimulate and/or suppress immune responses by binding to proteins
in the blood, and to affect the physiology and interrupt the structure
of organs and tissues, which may lead to side-effects [133,146,176]. In
addition, only a small fraction of the injected nanoparticles actually
accumulate in the tumor (1–10%) [125], no matter which type of
tumor-targeted nanoparticles are used. The majority of the injected
dose iscaptured in the liver and spleen, thus the long-term fate of the
nanoparticles and the effects of such accumulation on the body remain
unknown. Our ongoing study showed that about 70% of injected gold
nanorods still remain in the liver and spleen up to 15 months after
treatment. A complicating factor is that even for the same kind of
nanoparticle, different research groups perform their toxicity studies
independently, in which the doses and method of administration, time
of sample collection for pharmacokinetic analysis, toxicity evaluation
and methods used for analyzing samples may vary, yielding results that
are inconsistent or even controversial. As mentioned before, surface
properties such as size, charge, PEG coating, and ligand density, may
have significant effects on the biodistribution of nanoparticles in vivo,
which may also introduce different toxicity effects. Furthermore, the
animal models used in most current toxicity studies are inappropriate
for addressing some toxicity questions. White rodent models are the
most conventional models used for toxicity studies, studies in larger
animals and nonhuman primates would allow the more accurate
evaluation of toxicity.
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almost half of the 75 nanoparticles submitted to them have been
contaminated with bacteria or high levels of endotoxin, which may
come from the synthesis and purification procedure [146]. Such
contamination could have significant effects on the biodistribution,
toxicity, and immunological profile in vivo, and lead to improper
study results. In addition, residual manufacturing components in
the final product may also contribute to side effects [146]. Thus,
the synthesis and purification of nanoparticles must be performed
under sterile conditions, and all of the unwanted materials must be
removed before preclinical studies are initiated. Resources for scaleup, standardization and GMP manufacture of nanomedicines remain
a vital area of further development to address this critical gap in the
translation of nanomaterials for biomedical applications.
Other outstanding concerns
There are still many obstacles to overcome when constructing
nanoparticles for drug delivery, which include: 1) nanotherapeutic
stability; 2) nanotherapeutic reproducibility; 3) specific accumulation
in the tumor but minimal uptake in normal tissue and organs
through the selection of ideal tumor-targeted ligands; 4) selection of
approproiate nanoparticles for particular drug delivery; 5) preclinical
pharmacokinetic/pharmacodynamic (PK/PD) evaluation of
nanotherapeutic; 6) optimization of the dosing schedule;7) selection
of tumor model (subcutaneous, orthotopic, metastatic tumor)
for evaluating the efficacy of nanoparticles; and 8) regulatory and
approval issues of nanoparticles.
In recent years, significant progress has been made in the field of
nanotechnology and nanoparticles. Encouraged by the clinical study
of several tumor-targeted nanotherapeutic agents, we believe that
increasing numbers of tumor-targeted nanoparticles will be applied in
the clinic and potentially being recognized as a unique entity among
therapeutics in the following decades. Tumor-targeted nanoparticle
agents have great potential to enhance antitumor efficacy and reduce
the side effects of the delivered drugs, thus increasing the survival for
patients with many types of cancer.
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