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Abstract

The goals of bioengineering strategies for targeted cancer therapies are (1) to deliver a high dose
of an anticancer drug directly to a cancer tumor, (2) to enhance drug uptake by malignant cells,
and (3) to minimize drug uptake by nonmalignant cells. Effective cancer-targeting therapies will
require both passive- and active targeting strategies and a thorough understanding of physiologic
barriers to targeted drug delivery. Designing a targeted therapy includes the selection and
optimization of a nanoparticle delivery vehicle for passive accumulation in tumors, a targeting
moiety for active receptor-mediated uptake, and stimuli-responsive polymers for control of drug
release. The future direction of cancer targeting is a combinatorial approach, in which targeting

2Corresponding author: Xuejun Wen, Departments of Regenerative Medicine and Cell Biology, Orthopedic Surgery, and
Neuroscience, and the Hollings Cancer Center, Medical University of South Carolina, 173 Ashley Avenue, BSB 601, Charleston, SC,
29425; Institute for Engineering and Medicine; Department of Chemical and Life Science Engineering, 601 West Main Street, Room
403, Richmond, VA 23284, Xuejun@musc.edu; xjwen@clemson.edu; xwen@vcu.edu, Phone: (843) 405-7086; (804) 828-5353 Fax:
804) 828-3846.

(Anggla A. Alexander-Bryant, Clemson-MUSC Bioengineering Program, Department of Craniofacial Biology, 173 Ashley Avenue,
441A BSB, MSC 507, Charleston, SC 29425, angelaa@clemson.edu, Phone: (843) 792-0157, Fax: (843) 792-6626

Wendy S. Vanden Berg-Foels, Clemson-MUSC Bioengineering Program, Department of Craniofacial Biology, 173 Ashley Avenue,
230A BSB, MSC 507, Charleston, SC 29425, wendyvf@clemson.edu, Phone: (843) 792-7423, Fax: (843) 792-6626



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Alexander-Bryant et al. Page 2

therapies are designed to use multiple targeting strategies. The combinatorial approach will enable
combination therapy for delivery of multiple drugs and dual ligand targeting to improve targeting
specificity. Targeted cancer treatments in development and the new combinatorial approaches
show promise for improving targeted anticancer drug delivery and improving treatment outcomes.

1. INTRODUCTION

Cancer is the leading cause of death worldwide (Lovett et al., 2012) and the second leading
cause of death in the U.S., accounting for one in every four deaths (Siegel et al., 2012). The
American Cancer Society reported in 2012 that over one million new cancer diagnoses and
half a million cancer deaths are recorded each year. The National Institutes of Health
estimated that $103.8 billion was spent on direct health care costs for cancer treatment in
2007 (ACS, 2012). Advances in cancer detection and treatment have led to a decline in
cancer deaths by one percent per year over the past decade; however, survival rates for
several types of cancer remain low. The lowest survival rates have been recorded for cancer
of the esophagus (17%), liver (14%), lung and bronchus (16%), stomach (26%), brain
(35%), and pancreas (6%) (Howlader et al., 2011). Survival rates for head and neck cancer,
which are currently 40-50%, have not significantly improved over the past few decades
(Leemans et al., 2011). Patients diagnosed with these cancer types may benefit from new,
targeted approaches to cancer therapy.

Radiation and chemotherapy are standards of care for cancer treatment; however, traditional
radiation and chemotherapy have many limitations. Although radiation therapy is focused on
the cancer tumor, this therapy risks severe damage to nonmalignant tissues that are in the
path of the radiation beam (Shepard et al., 1999). Radiation also has limited effectiveness in
treating metastasized cancers because it requires the detection and treatment of each tumor.
Chemotherapy is a systemic treatment that typically targets highly proliferative cells.
Systemic delivery exposes all cells to the drug. This lack of specificity also results in
damage to highly proliferative non-malignant cells, such as bone marrow, gonads,
gastrointestinal mucosa, and hair follicles (Corrie, 2008), resulting in acute complications
and systemic toxicity (Liu et al., 2007b; Sahoo and Labhasetwar, 2003). Furthermore, non-
specific uptake of the chemotherapy drug by nonmalignant cells reduces the dose delivered
to the target malignant cells, and as a result, higher doses of the cytotoxic drugs must be
administered systemically to achieve treatment efficacy (Yotsumoto et al., 2009).
Traditional chemotherapy is also ineffective in overcoming multidrug resistance, a condition
in which cancer cells become resistant to anticancer drugs. Although the traditional radiation
and chemotherapy treatments can successfully fight cancer, there is an urgent need for a
more targeted approach that will increase treatment efficacy and reduce treatment side
effects.

The goal of targeted cancer therapy is (1) to deliver a high dose of an anticancer drug
directly to the site of a tumor, (2) to enhance drug uptake by malignant cells, and (3) to
minimize drug uptake by nonmalignant cells. The general approach for designing targeted
cancer therapies is to design the drug delivery system to exploit the features that are unique
to tumor cells and tumor tissues. Targeted delivery research has focused on unique features
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of the tumor microenvironment, such as leaky vasculature, overexpressed cell surface
receptors, and intratumoral pH differences, as well as features of the cell uptake process,
such as endosomal pH. Innovation in micro- and nano-technology has led to the
development of micro- and nanoparticles, such as liposomes and micelles, that can
encapsulate and deliver drugs (Egusquiaguirre et al., 2012; Gong et al., 2012; Kedar et al.,
2010; Malam et al., 2009). Nanoparticles are typically defined as particles that are less than
100 nm in size. Some delivery vehicle types discussed may be fabricated at both micro- and
nano-scales. Due to the inherent physiologic barriers, particles used for targeted cancer
therapy are predominantly nanoscale. We have used the term nanoparticle in reference to
any particle type or particle research that is at the nanoscale. These particles have been
shown to enhance drug delivery to malignant cells. Advances in cancer research have
identified receptors that are overexpressed in various types of cancer. Ligands that bind
overexpressed receptors have been successfully used to target malignant cells (Byrne et al.,
2008; Das et al., 2009; Yu et al., 2010). Stimuli responsive polymers have also been
developed to control release of chemotherapy drugs in response to environmental triggers
(Cabane et al., 2012).

Advances in cancer research in combination with advances in biomaterials and
nanotechnology have enabled the development of targeted anticancer drug delivery and a
more tailored approach to treating individual cancer types. A multidisciplinary approach that
includes cancer biology, biomaterials, and nanotechnology has the potential to improve
treatment outcomes while minimizing harmful side effects. The design of an effective
targeted therapy will require optimization of therapeutic particles, cancer cell targeting, and
drug release mechanisms. Both passive and active targeting mechanisms may be utilized to
enhance targeted delivery. Physical properties of particles can be modified to decrease
toxicity to nonmalignant cells and increase circulation time. Targeting moieties, ligands that
bind to receptors overexpressed on malignant cells, can be conjugated to particles to
increase cellular uptake, and as a result, enhance treatment efficacy. Environmentally
responsive polymers can be used to achieve controlled release under defined conditions.
This review discusses targeted cancer therapies currently under development and focuses on
the design and optimization of individual components required to achieve effective cancer
treatment.

2. CANCER-TARGETING MECHANISMS

Cancer targeting can be divided into two general categories: signaling and delivery.
Traditional chemotherapy drugs can be thought of as signal transduction therapeutics
because they target and inhibit signal transduction essential for tumor survival. Targets for
signaling inhibitors include cell proliferation, cell survival, angiogenesis, and nuclear factors
(Klein et al., 2007). These drugs target cellular processes; they do not specifically target
malignant cells. A more recent therapeutic approach to cancer targeting is gene therapy,
which involves the delivery of DNA or RNA to cancer cells (Ali et al., 2012; Gao et al.,
2010b). There are several strategies for cancer treatment using gene therapy, such as
blocking expression of oncogenes or insertion of a suicide gene or suppressor gene in tumor
cells. However, similar to chemotherapy, delivery of RNA or DNA alone does not
specifically target malignant cells and cell transfection is inefficient. Targeted delivery, on
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the other hand, is the process by which carriers specifically deliver a drug to malignant cells,
while avoiding delivery to nonmalignant cells. In this review, the terms drugs and anticancer
drugs are broadly defined to include chemotherapy agents, DNA or RNA for gene therapy,
recombinant proteins, or any other therapeutic that can be delivered by particles for cancer
therapy. Targeted delivery is essential to improve cancer treatment efficacy and reduce side
effects of anticancer drugs. Particles, ligands, and controlled release mechanisms can be
used in combination to design a drug-particle complex that achieves targeted delivery. To
design an effective targeted cancer therapy, it is essential to understand the two primary
mechanisms of cancer targeting: passive targeting and active targeting.

2.1. Passive targeting

Passive targeting, first described in 1986, takes advantage of the greater vascular
permeability and poor lymphatic drainage of tumors that result in the accumulation of
micro- and nano-particles in tumor tissue (Matsumura and Maeda, 1986). The particles
accumulate through passive diffusion, a phenomenon known as the enhanced permeability
and retention effect (EPR) (Maeda, 2001; Maeda et al., 2009; Maeda et al., 2001).

Enhanced permeability of the EPR effect is the result of the leaky vasculature in tumor
tissue. Vessels in tumors are irregularly shaped, leaky, and dilated due to rapid growth and
abnormal blood flow (lyer et al., 2006). Endothelial junctions, gaps in the endothelium that
mediate passage of macromolecules from the blood to tissue, vary between nonmalignant
and malignant tissue. In normal vasculature, endothelial junctions between cells are narrow,
ranging from 5-10 nm in width (Haley and Frenkel, 2008). However, in tumor tissue, these
junctions range from 100-780 nm depending on the tumor type (Hobbs et al., 1998; Rubin
and Casarett, 1966; Shubik, 1982). The larger endothelial gaps allow extravasation of
particles out of circulation and into the tumor tissue (Fig. 1A).

Enhanced retention, the second component of the EPR effect, is the result of poor lymphatic
drainage of cancer tumors. Lymphatic vessels are responsible for draining fluid from the
tissue and returning it to the vascular system. However, tumor tissues either lack lymphatic
vessels or the vessels they contain are non-functional, resulting in the retention of
macromolecules in the tumor interstitium (lyer et al., 2006). Poor lymphatic drainage allows
particles that extravasate into tumor vasculature to be retained in the tissue. Thus, the EPR
effect is a passive mechanism that enables the accumulation of particle-encapsulated drugs
in tumor tissue.

Particle size must be tailored to enable permeation of particles into tumor tissue and their
retention within the tissue. Very small nanoparticles (<20 nm) are able to quickly diffuse out
of the vasculature through the large endothelial gaps. However, very small nanoparticles are
also less likely to be retained because they can just as easily diffuse out of the tumor tissue
(Perrault et al., 2009). Larger nanoparticles (50-100 nm) have longer circulation times,
allowing sufficient time for the nanoparticles to travel to, and diffuse into, the tumor tissue
(Liu et al., 1992; Perrault et al., 2009). Larger particles diffuse out of tumor tissue very
slowly, and as a result, they accumulate in tumors (Fig. 1B).
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The EPR effect has become a gold standard in the design of cancer therapeutics (Maeda,
2001) because particles can be specifically designed to take advantage of passive targeting.
By using passive targeting, anticancer drugs encapsulated in particles will accumulate in
tumor tissue, reaching concentrations 10-100 times higher than that of free drug alone
(Sinha et al., 2006). The EPR effect also promotes prolonged drug retention (Maeda et al.,
2009) due to poor lymphatic drainage.

Although passive targeting promotes drug accumulation in cancer tumors, there are also
limitations to this approach. Results of passive targeting are not consistent because tumor
vascularization and angiogenesis vary for different cancer types. Consequently, particle
concentrations achieved will vary with tumor type and site. For example, the EPR effect is
not observed in hypovascular tumors, which are common in prostate and pancreatic cancers
(Maeda et al., 2009); therefore, passive targeting alone will not promote particle
accumulation in these tumors. The EPR effect can be enhanced in hypovascular tumors by
using chemotherapeutic agents, such as nitroglycerin (Seki et al., 2009) and S-1, a prodrug
of 5-Fluorouracil (Nakamura et al., 2011), to alter the tumor microenvironment (Asai, 2012).
Particle accumulation in tumors is also influenced by particle size. The EPR effect favors
accumulation and retention of larger particles, greater than 100 nm in size (Danhier et al.,
2010), smaller particles will be retained to a lesser degree using passive targeting, which
may result in nonspecific delivery of anticancer drugs to nonmalignant cells. Passive
targeting results in higher concentrations of particles in tumor tissue; however, it does not
eliminate non-specific uptake of particles by nonmalignant tissue. When nonspecific uptake
occurs, higher doses of particles must be administered systemically to achieve a therapeutic
dose within the tumor.

2.2. Active targeting

Active targeting uses ligands to specifically target receptors that are overexpressed on
malignant cells. Ligands are molecules, such as folate, transferrin, epidermal growth factor
(EGF), and aptamers, which bind to receptors on the surface of a cell. Ligands are
conjugated to anticancer drugs or particle-encapsulated drugs to target malignant cells or
tumor endothelium. Conjugation is the physical or chemical attachment of a ligand directly
to an anticancer drug or attachment to a particle encapsulating an anticancer drug. Ligand
candidates for cancer treatment target receptors that are overexpressed on malignant cells.
The folate receptor (FR) and the epidermal growth factor receptor (EGFR) are two examples
of receptors that are overexpressed on many types of malignant cells. Therefore, conjugation
of these ligands to drugs or particles will result in receptor-mediated active targeting and
higher drug or particle concentration in malignant cells than in nonmalignant cells.

Active targeting promotes internalization of ligand-conjugated drug carriers into a cell via
receptor-mediated endocytosis (Fig. 2). The drug may be released either at the surface of the
cell or upon internalization. The ligand-conjugated particle and receptor are first internalized
via invagination, and then an endosome is formed. The anticancer drug must escape the
endosome before it fuses with the lysosome to avoid being damaged or destroyed by
lysosomal enzymes. After release of the drug and receptor from the endosome, some
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receptors are recycled back to the surface of the cell where they will be available for another
cycle of endocytosis (Mohanty et al., 2011).

The active targeting approach addresses many of the goals for improving cancer therapies.
Ligands conjugated to cancer drugs often help protect the cancer drug from degradation and
enhance the physical and chemical stability of the drug (Mohanty et al., 2011). Ligand
binding also increases the drug dose delivered to malignant cells, which permits systemic
administration of smaller doses. Particle internalization that occurs by active targeting has
been shown to enhance therapeutic effects (linuma et al., 2002; Kobayashi et al., 2007), an
important advantage over passive targeting. However, active targeting alone will not achieve
optimal results. If an anticancer drug is delivered systemically, the ligand-conjugated drug
or drug-particle complex must first reach the cancer tumor before the advantages of active
targeting can be realized. Passive targeting mechanisms using the EPR effect are still
necessary for extravasation and drug or particle accumulation in tumor tissue. Therefore, it
is necessary to use a combination of active and passive targeting in designing drug carriers
to improve targeted delivery of cancer therapeutics.

3. DESIGN CRITERIA FOR CANCER TARGETING

The design goals for effective cancer targeting therapeutics include (1) selective targeting of
malignant cells, (2) release of anticancer drugs at the target site, and (3) elimination of
cytotoxicity to nonmalignant tissue. When cancer drugs enter the body, they face many
physiological barriers that can prevent them from reaching the target site and achieving
these design goals. These physiological barriers dictate the design parameters for targeted
cancer treatments. A thorough understanding of these barriers is necessary for the
development of effective targeting. Particles provide a flexible platform for targeted
treatment development. Particle selection, size, surface modification, ligand conjugation,
and controlled release mechanisms all contribute to overcoming physiological barriers to
targeted delivery and to enhancing therapeutic outcomes (Table 1).

3.1. Opsonization and the mononuclear phagocytic system

When cancer drugs are introduced into the circulatory system, they first encounter the blood.
Proteins in the blood called opsonins are absorbed onto the surface of the drug or particle in
a process called opsonization. Opsonized drugs or particles are recognized by macrophages
of the mononuclear phagocytic system (MPS), which trigger removal of drugs or particles
from circulation, preventing them from reaching the cancer tissue (Owens 1l and Peppas,
2006). An advantage of the drug-particle complex over unconjugated free drug is that it can
be designed to reduce elimination by the MPS.

Surface hydrophobicity determines the amount of opsonins absorbed onto the surface of a
drug or drug-particle complex, which will ultimately determine the fate of the drug.
Hydrophilic surfaces repel plasma proteins that cause opsonization, thus preventing particle
elimination by the MPS (Brigger et al., 2002; Moghimi et al., 2005). “Stealth” particles,
created by pegylation through covalent attachment of polyethylene glycol (PEG), a non-
ionic hydrophilic biocompatible polymer, are used to improve biocompatibility and prevent
elimination by the MPS (Storm et al., 1995). Hydrophilic polymers can also be used to coat
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the surface of cytotoxic materials to reduce their toxicity (Jokerst et al., 2011). Hydrophobic
particle surfaces are not beneficial for drug delivery because they promote particle
agglomeration, resulting in rapid removal by the MPS (Veiseh et al., 2010).

Particles must be small enough to avoid uptake by the MPS (Cho et al., 2008). Large
particles (>200 nm) are quickly recognized by the MPS and are removed from circulation
(Albanese et al., 2012). Small (<100 nm) hydrophilic nanoparticles have less interaction
with the MPS and reach their cellular targets in higher numbers (Dong and Feng, 2004; Park
et al., 2005). A particle will have a longer circulation time, and thus a higher probability of
reaching its target, if it avoids removal by the MPS (Kumari et al., 2009).

3.2. Extravasation

After a drug-particle complex successfully avoids uptake by the MPS, it must then
extravasate out of circulation into the target tissue. However, to enter the tissue, it must first
traverse endothelial junctions, as described in Section 2.1. While particles must be small
enough to traverse the endothelial junctions, they must also be large enough to be retained in
the leaky tumor vasculature (Cho et al., 2008). There are also size limitations specific to the
type of target site. Endothelial junctions in tumor vasculature range from 100 to 780 nm
(Hobbs et al., 1998; Rubin and Casarett, 1966; Shubik, 1982), while nanoparticles with a
hydrodynamic size (size in solution accounting for movement and viscosity) of 15 to 50 nm
are able to cross the blood-brain barrier (Sonavane et al., 2008). Diffusion across the blood-
brain barrier requires a low molecular weight lipid-soluble carrier (Koo et al., 2006;
Pardridge, 2002).

Surface charge influences particle-cell interactions and particle cytotoxicity. The plasma
membrane of cells is naturally negatively charged. Therefore, cationic carriers have more
electrostatic interaction with the cell membrane, which results in increased extravasation and
cell uptake (Nigavekar et al., 2004). However, this increased interaction also results in
greater toxicity and nonspecific uptake by nonmalignant cells (Merdan et al., 2002).
Nonspecific accumulation of cationic particles is typically found in the liver, kidney, spleen,
and pancreas (Roberts et al., 1996). Electrostatic interactions of cationic particles with
endothelial cells also shortens the particle circulation time (Lee et al., 2005; Malik et al.,
2000; Wijagkanalan et al., 2011). Anionic and neutral particles are non-toxic to cells (Fant et
al., 2010). However, anionic and neutral particles have reduced electrostatic interactions
with cell membranes, which results in lower cellular uptake, decreased ability to bind to
vascular walls (Boas and Heegaard, 2004), and increased circulation time (Kukowska-
Latallo et al., 2005).

3.3. Drug uptake and release

After the therapeutic agent reaches the target tissue, receptor binding/uptake and drug
release are required to achieve a therapeutic effect. As described in Section 2.2, cell binding
and uptake are facilitated through receptors on the cell surface. The level of overexpression
of individual receptors on malignant cells will determine which ligand(s) are best suited for
conjugation to the particle for active targeting. Ligand conjugation also decreases toxicity by
preventing binding/uptake of particles by cells in nonmalignant tissues where the cancer
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drug has been nonspecifically distributed through passive mechanisms (Vega-Villa et al.,
2008). Ligands and other moieties are discussed in detail in Section 5.

Particle shape influences ligand binding avidity, which is the bond strength of multiple
ligand-receptor interactions. Ligand-conjugated oblique particles, which have a flatter
surface, have enhanced binding avidity relative to spherical particles (Decuzzi and Ferrari,
2006) due to increased multivalent interactions. A flatter particle surface is able to present a
greater number of ligands to the malignant cell surface, increasing interaction and enhancing
binding strength.

Drug release mechanisms of particles can be designed to decrease toxicity. If the particle is
stimuli-responsive, nonmalignant cells can be protected from exposure. For example,
polymers can be designed to release drug when exposed to either the acidic intratumoral
environment or the acidic intracellular environment of the endosome. Thermoresponsive
polymers such as poly(N-isopropyl acrylamide) (pNIPAM) can be used to trigger release
when heat is applied to the tumor region (Peng et al., 2011). Drug release mechanisms are
discussed in detail in Section 6.

3.4. Multidrug resistance

A major barrier to effective cancer chemotherapy is multidrug resistance, in which
malignant cells become resistant to chemotherapy drugs. The mechanism of multidrug
resistance is associated with at least two proteins found in the cell membrane of malignant
cells, p-glycoprotein and multidrug resistance protein (Leslie et al., 2005). These proteins
function as transmembrane transporters, or efflux pumps, that recognize and bind to drugs as
they enter the cell membrane. Drug binding activates an adenosine triphosphate (ATP)
binding domain, and hydrolysis of ATP results in a shape change of p-glycoprotein and
release of the drug into the extracellular space (Gottesman, 2002). One of the key
advantages of particle encapsulation of chemotherapy drugs is the ability to combat
multidrug resistance. Particle-encapsulated drugs accumulate in cells because they are not
recognized by the drug-expelling pumps (Cho et al., 2008), thus avoiding multidrug
resistance and improving treatment efficacy. Particle-encapsulated drugs are transported into
the cell in endosomal vesicles where they are released out of the reach of the drug efflux
pumps, increasing the likelihood that they will reach their target (Hu and Zhang, 2009).

3.5. Particle elimination

The mechanisms of particle elimination from the body also affect particle toxicity.
Biodegradable particles do not accumulate and disrupt cellular processes because they are
degraded and metabolized (Haley and Frenkel, 2008). If the particle is not degradable,
particle size affects the way it is eliminated. Nanoparticles with a molecular weight of
<5,000 (Owens 111 and Peppas, 2006) and a size of <20 nm (Banerjee et al., 2002) are
excreted by the renal system. Larger particles that are nondegradable accumulate in the
spleen and liver where they are eliminated by the MPS (Albanese et al., 2012). Particle
elimination is also affected by particle shape. Anisotropically shaped (non-spherical)
particles have a lower bioelimination rate, possibly due to decreased interaction with
phagocytes (Geng et al., 2007).
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IV. DELIVERY VEHICLES

Particle delivery vehicles are an important and promising tool for the design of targeted
cancer therapies. Particle delivery vehicles aid in drug delivery by protecting the
surrounding environment from nonspecific effects. Particle features, including size, shape,
surface charge, and hydrophobicity, affect drug delivery and vary among the particle types.
Each of these features must be considered when selecting and optimizing a particle for
targeted delivery of cancer drugs. There are already several FDA-approved cancer drugs that
use particle drug encapsulation technology. Particles discussed in this section include
liposomes, micelles, dendrimers, polymeric particles, and carbon nanotubes (CNTS).

4.1. Liposomes

Liposomes are composed of a bilayer structure of either natural or synthetic phospholipids.
Phospholipids are a key structural component of the cell membrane. They are amphiphilic in
nature, possessing both hydrophilic and hydrophobic regions. Amphiphilic phospholipids
self-assemble into bilayers (Malam et al., 2009) by arranging their hydrophilic groups
outward to interact with aqueous environments and arranging their lipophilic groups toward
the center of the bilayer (Fig. 3). Liposomes can be unilamellar (Fig 3A) or multilamellar
(Fig 3B) depending on the number of lipid bilayers formed (Haley and Frenkel, 2008).

Liposome surface properties can be easily manipulated for drug delivery. Surface charge can
be modified by adjusting the lipid composition to add either more neutral or cationic lipids,
which directly influences liposome interactions with the negatively charged cell membrane.
Neutral liposomes have no significant cell membrane interaction, and the neutral charge
results in liposome aggregation (Sharma and Sharma, 1997). Aggregation is a key issue for
drug delivery because particle aggregates are rapidly cleared by the MPS, which greatly
reduces drug delivery. Anionic liposomes are internalized through clathrin-mediated
endocytosis (Straubinger et al., 1983), while cationic liposomes deliver their contents by
membrane fusion (Felgner et al., 1994) and by endocytosis. However, at high doses, cationic
liposomes cause toxicity and nonspecific uptake, which harms nonmalignant cells.

Liposomes can be used to carry water- or lipid-soluble drugs. Unilamellar liposomes have
an aqueous core that is used to carry water-soluble drugs, while multilamellar liposomes
have lipophilic layers between hydrophobic tail groups that are used to carry lipid soluble
drugs. There are currently four liposome-based cancer drugs available on the market, Doxil,
DaunoXome, LipoDox, and Myocet, and many others are in clinical trials (Chang and Yeh,
2012). The four available drug formulations are all unilamellar liposomes containing water-
soluble drugs. Doxil and its second generation drug, LipoDox, both contain doxorubicin
encapsulated within a liposome with a PEG-modified surface. Doxil has been proven
effective in treating drug-resistant tumors in clinical trials (Chou et al., 2006). Both Doxil
and LipoDox have been used successfully to treat many cancers including Kaposi’s
sarcoma, ovarian cancer, and metastatic breast cancer (Tejada-Berges et al., 2002). Myocet
is an unpegylated liposomal doxorubicin approved for use in Canada and Europe to treat
metastatic breast cancer (Lorusso et al., 2007). DaunoXome, which is a pegylated liposomal
daunorubicin, has been approved to treat blood tumors (Chang and Yeh, 2012).
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Liposomes have advantages and disadvantages to consider when developing targeted drug
delivery therapies. Liposomes can be used to encapsulate hydrophilic and hydrophobic
drugs. Liposomes also have the potential to treat multidrug resistant cancers. However,
liposomes have poor control over drug release, often dispersing the loaded drug in a rapid
burst release. Liposomes also exhibit low drug encapsulation efficiency due to poor
solubility of many drugs in solution (Das et al., 2009), and as a result, the larger lipsomes
are only useful for very potent drugs (Alexis et al., 2010). Liposomes are physically
unstable; the bilayer structure can quickly disintegrate in response to hydrophobic,
electrostatic, and van der Waals forces (Haley and Frenkel, 2008), resulting in particle
aggregation, drug leakage, and a reduced shelf life (Sharma and Sharma, 1997). Liposomes
measure up to 400 nm in size, and as a result, they are rapidly cleared by the MPS (Malam et
al., 2009). Pegylation of the liposome surface reduces opsonization and clearance by the
MPS. Liposomes also cause severe side effects due to nonspecific uptake in skin tissue.

Micelles are composed of amphiphilic macromolecules that contain both hydrophilic and
hydrophobic segments (Sutton et al., 2007). Depending on the size of these segments,
micelles with various morphologies, including spheres, rods, tubules, lamellae, and vesicles
can be created (Choucair and Eisenberg, 2003). A micelle consists of a core and a shell,
where hydrophobic end groups form the core and hydrophilic head groups form the outer
shell (Fig. 4), or vice versa (Haley and Frenkel, 2008). Amphiphilic micelles are formed
through self assembly of unimers with hydrophilic and hydrophobic segments in solution. In
aqueous solutions, water insoluble (hydrophobic) drugs are encapsulated during self
assembly (Kedar et al., 2010). While in non-aqueous solutions, water-soluble (hydrophilic)
drug molecules, including proteins, peptides, and nucleic acids, are encapsulated during
assembly (Allen, 1998; Momekova et al., 2007). Micelle nanoparticles range in size from 5
to 100 nm (Oerlemans et al., 2010). Many different polymers can be used to create micelles;
however, the selection is limited for drug delivery applications because the micelle must be
biocompatible and biodegradable. PEG is commonly used to fabricate micelles because it is
neutral, nontoxic, and water-soluble. Other hydrophilic polymers used include poly(N-vinyl
pyrrolidone) (PVP) and poly(N-isopropyl acrylamide) (pNIPAM) (Chung et al., 1998;
Chung et al., 2000; Chung et al., 1999). Degradable hydrophobic polyesters are commonly
used to make the hydrophobic segment of the amphiphilic macromolecule (Sutton et al.,
2007). Micelles are intrinsically stealth particles when formed with a hydrophilic outer shell,
and they are able to avoid uptake by the MPS without further modification.

Passive and active targeting can be achieved using micelles. Drug-encapsulated micelle
systems increase targeting of tumors due to passive targeting via the EPR effect (Kwon et
al., 1994). Polymeric micelles that are not ligand-conjugated accumulate in tumor tissue and
release occurs intratumorally, in the tumor tissue outside of the malignant cells. Ligands can
be attached to micelles for active targeting and drug release within the cell. Ligand-
conjugated micelles are internalized via pinocytosis (Shuai et al., 2004).

Micelles can be used to deliver water-insoluble drugs in their hydrophobic core (Moghimi et
al., 2005). One-third of all drugs used in cancer therapy are hydrophobic (Lee et al., 2012).
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Amphiphilic copolymers used to fabricate micelles are ideal for delivery of water-insoluble
drugs because the outer shell creates a hydrophilic corona to stabilize and protect the
hydrophobic drug. Polymeric micelles can increase water solubility of drugs by 10- to 500-
fold (Savi¢ et al., 2006), which enables the intravenous injection of micelle-encapsulated
hydrophobic drugs. For example, paclitaxel is a water-insoluble drug; however, when
encapsulated in a micelle, its water solubility is significantly enhanced (Soga et al., 2005).

Drug loading in micelles is achieved by physical entrapment or chemical conjugation; drug
release is dependent on the loading method (Kedar et al., 2010). Drugs loaded by chemical
conjugation are released by bulk degradation or surface erosion of the polymer, while drugs
loaded by physical entrapment are released by diffusion. Release is also influenced by the
extent of cross-linking in the core of the micelle, with cross-linked micelles resulting in
slower release, which results in longer release times (Liu et al., 2007a). Three micelle-based
cancer drugs have been approved for clinical trials for treatment of solid tumors; one that
delivers doxorubin and two others that deliver paclitaxel (Chen et al., 2011a).

A key advantage of micelles over other particles is the core-shell structure. The hydrophobic
core enables solubilization of hydrophobic drugs in water, and the hydrophilic shell, or
corona, protects the drug by preventing elimination by the MPS (Kedar et al., 2010), which
enables prolonged circulation (Sutton et al., 2007). Another advantage of micelles is that
they generally possess low toxicity and can be eliminated through renal filtration if the
molecular weight of the micelle polymer chains is below the critical value for renal filtration
(Yokoyama, 2011). Disadvantages of micelles include poor drug loading efficiency, poor
physical stability in vivo, and insufficient cellular interaction of neutral micelles with
malignant cells for uptake (Kim et al., 2010). Additionally, micelles have a smaller drug
loading capacity than liposomes.

4.3. Dendrimers

Dendrimers are the smallest of the nanoparticles (Svenson and Tomalia, 2005), with a radius
ranging from 2.5 to 8 nm (Kaminskas et al., 2011). Dendrimers are spherical, with a three-
dimensional branched structure, which contains a core, branching repeat units arranged
radially from the core, and outer terminal functional groups (Roberts et al., 1996) (Fig.5).
Branches can be created by polymerization of a monomer that diverges from the core or
converges from the periphery. The size of the dendrimer is easily controlled via
polymerization of repeat layers, with each layer making up a generation. Dendrimers can be
made cationic, anionic, or neutral depending on their terminal groups. For example, amine-,
carboxyl-, or hydroxyl-terminated dendrimers would create cationic, anionic, and neutral
surface charges, respectively. Poly(amido amine) (PAMAM) dendrimers are the most
widely studied. PAMAM is described as a “starburst dendrimer” because its branched
structure has a star-like pattern (Labieniec et al., 2009). PAMAM dendrimers contain an
initiator core of ethane-1,2-diamine with radially extending repeat branching layers. Full
generation PAMAM dendrimers are amine-terminated, while half-generations are carboxylic
acid-terminated.

Dendrimer size and surface charge directly affect their drug delivery properties. As
discussed in Section 3, surface charge influences carrier uptake. Cationic dendrimers tend to
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be rapidly cleared from circulation due to electrostatic binding to tissue and vasculature,
while anionic and neutral dendrimers have longer circulation times. Smaller dendrimers
(<25 kDa) are also rapidly cleared from circulation through urinary excretion (Kaminskas et
al., 2011). Dendrimers can be pegylated to increase their size, resulting in increased
circulation time and decreased clearance by the MPS. Pegylation or acetylation of cationic
dendrimers also reduces their cytotoxicity (Chen et al., 2004; Kolhatkar et al., 2007).
Acetylation, which is the chemical attachment of acetyl groups, reduces the surface charge
by shielding cationic groups to create a more neutral dendrimer; the resulting surface charge
depends on the degree of acetylation.

Dendrimers have desirable properties for drug conjugation or encapsulation. Drugs can be
attached to functional groups on branch ends or encapsulated in dendritic channels within
the branches (Hughes, 2005; Moghimi et al., 2005). Incorporating degradable linkages
between the drug and the dendrimer controls drug release. Drug loading in the dendritic
channels can be manipulated by varying the dendrimer generation. Drug loading is
performed by physical entrapment or through interactions between drug molecules and
dendritic groups (D’Emanuele and Attwood, 2005). Dendrimers synthesized with
hydrophobic cores are able to encapsulate hydrophobic drugs (Frechet, 2002; Patri et al.,
2002), and electrostatic interactions between the dendrimer and the drug increase drug
solubility at high pH (Milhem et al., 2000). Encapsulation of hydrophobic drugs is achieved
through hydrophobic interactions between the drug and hydrophobic regions of the polymer
when the drug and polymer are mixed. Currently, there are no FDA approved dendrimer
cancer drugs; however, they are promising nanoparticles that are receiving much attention
for future anticancer drug delivery.

One of the key advantages of dendrimers is that they are highly customizable. They can be
uniformly reproduced with monodisperse sizes during synthesis by controlling the amount
of monomer used. End groups can also be tailored to produce neutral, cationic, or anionic
dendrimers. Dendrimers have a high drug loading capacity and may encapsulate both
hydrophilic and hydrophobic drugs (Sampathkumar and Yarema, 2007). Further, dendrimers
can be functionalized and conjugated with many different therapeutic molecules. Their small
size may also help them avoid recognition by the MPS. A possible disadvantage of
dendrimers is that steric crowding of the branching arms occurs at higher generation
numbers, which limits growth to a larger size (Medina and EIl-Sayed, 2009) and results in
decreased drug encapsulation. A key issue for cationic dendrimer drug delivery systems is
the balance between function and surface charge. The positively charged surface promotes
cellular uptake and endosome escape, but it also results in toxicity to nonmalignant cells.
Surface charge must be balanced to optimize drug delivery and minimize cytotoxicity.

4.4. Polymeric particles

Polymeric particles can be fabricated as nanospheres or nanocapsules (Fig. 6). Nanospheres
are solid spherical structures composed of a polymer matrix. Drugs can be conjugated to the
nanosphere surface or absorbed within the bulk of the polymer matrix. Nanocapsules are
vesicular hollow polymers that encapsulate a drug solution within a polymeric membrane.
Polymeric particles consist of a polymeric backbone that is typically composed of a
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biodegradable monomer (Malam et al., 2009). Polymer particles provide flexibility in design
because they can either be biodegradable or non-biodegradable, natural or synthetic (Alexis
et al., 2010). Typical natural polymers used to make polymer particles are alginate, albumin,
dextran, and chitosan. Commonly used synthetic polymers include PLA/PLGA and PEG
block copolymers, which create stealth particles with longer particle circulation times (Gref
et al., 1994) because they inhibit opsonization and elimination by the MPS.

Conjugation, functionalization, and targeted delivery can be achieved using polymeric
particles. The surface of polymeric particles is typically sterically stabilized by using
grafting, conjugation, or pegylation to increase repulsion between particles, which prevents
their aggregation (Gref et al., 2000). Steric stabilization results in reduced elimination by the
MPS and longer circulation times (Gref et al., 2000; Peracchia et al., 1999). Ligands can be
conjugated to polymeric particles for active targeting. Polymeric particles can also be coated
with other polymers to enhance drug delivery. Hydrophobic particles can be coated with
PEG to create stealth particles. Polymeric nanoparticles may also be tailored for delivery
across the blood-brain barrier by coating them with polysorbate 80 (Kreuter, 2001).
Absorption of apolipoprotein E onto the surface produces a coating that mimics low-density
lipoprotein (LDL) and results in transport, via LDL receptors, across the blood-brain barrier
(Hans and Lowman, 2002).

Drugs can be incorporated into polymeric particles via conjugation, absorption, and
encapsulation. Anticancer drugs can be chemically conjugated to the surface of both
nanocapsules and nanospheres using ester or amide bonds (Malam et al., 2009). The drug is
released in vivo by the hydrolysis of the ester or amide bonds (Malam et al., 2009). The
anticancer drug does not become active until the bond has been hydrolyzed. Drugs can also
be absorbed into solid nanospheres and entrapped in the inner polymer matrix. Nanocapsules
containing a core and shell can either have drug encapsulated in the core or absorbed into
the polymer matrix of the outer shell (Panyam and Labhasetwar, 2003; Parveen et al., 2012).
Encapsulation is performed either during particle formation (for nanocapsules) or via
adsorption following particle synthesis (for both nanocapsules and nanospheres).

The mechanism of encapsulation affects the rate of drug release. Drugs loaded using
adsorption have a burst effect, in which the bulk of the drug is quickly released, while drugs
that are chemically conjugated have a slower controlled release (Fresta et al., 1995). There
are a few polymeric nano particle anticancer formulations in clinical trials for cancer
treatment. A cyclodextrin-PEG nanoparticle conjugated with camptothecin, a broad-
spectrum anticancer drug, has exhibited significant anti-tumor activity (Svenson et al.,
2011). A PEG-PLGA nanoparticle encapsulating docetaxel, BIND-014, has exhibited
antitumor activity in mouse models (Farokhzad et al., 2006), and it has been approved for
clinical trials in patients with advanced or metastatic cancer (Service, 2010).

Polymeric particles have some unique advantages for drug delivery. Particles composed of
natural polymers have greater biocompatibility than synthetic polymers and low recognition
by the MPS. Like dendrimers, polymeric particles are highly customizable; polymer
composition, conjugation, and drug release can each be modified to optimize targeted
delivery for a specific cancer type. Biodegradable particles can be used to control drug
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release and avoid issues with elimination. Polymeric particles also have potential for large-
scale production for drug delivery applications using several fabrication techniques (Fang
and Zhang, 2011). Maintaining purity and sterility during manufacturing will be imperative
for commercialization of polymeric particles for cancer drug delivery (Fang and Zhang,
2011).

4.5. Carbon nanotubes

CNTs are hollow tubes formed from rolled sheets of graphene rings, which are composed of
sp2 hybridized carbons (Prakash et al., 2011) (Fig. 7). There are two types of CNTSs: single-
walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTS). SWNTs
are made of one layer of graphene and have a diameter of 1 to 2 nm, while MWNTSs are
made from multiple coaxially arranged layers of graphene and have diameters from 5 to 100
nm (Liang and Chen, 2010).

CNTs are naturally hydrophobic; however, they can be functionalized via adsorption,
electrostatic interaction, or covalent bonding to create a hydrophilic surface (Prakash et al.,
2011). CNTs are functionalized through linkages created with the sidewall carbons or ends
of the nanotubes. The tips or ends of the CNTSs are typically more reactive than the sidewalls
(Tasis et al., 2006). CNTs can be reacted with acids to purify them and create carboxylic
acid groups for further functionalization (Bianco et al., 2005). Hydrophilically
functionalized CNTSs exhibit increased tumor tissue accumulation via passive targeting
compared to non-functionalized CNTs (Pantarotto et al., 2004). CNTs can be conjugated
with ligands for active targeting. Water-soluble CNTSs can be conjugated with peptides,
proteins, nucleic acids, and other water-soluble therapeutic agents for active targeting and
drug delivery (Bianco et al., 2005).

CNTs exhibit effective drug loading and release. Binding and release of anticancer drugs
from SWNTSs can be regulated by pH. CNTs have a high drug loading capacity, a CNT with
a diameter of 80 nm has been shown to contain approximately five million drug molecules
(Kam and Dai, 2005). Drug loading capacity decreases as pH decreases, and drug release is
triggered in acidic conditions; both effects are due to increased hydrophilicity and solubility
of the CNT (Liu et al., 2007c). CNTs have not yet been approved for use in clinical trials,
but they have shown promising results in drug delivery studies. SWNTSs functionalized with
platinum(IV)-prodrug conjugates increased internalization and reduced toxicity of
anticancer drugs in testicular carcinoma cells vitro compared to free platinum(1V) (Feazell et
al., 2007). Paclitaxel-conjugated SWNTSs exhibited enhanced uptake by malignant cells
compared to free drug in a mouse model (Liu et al., 2008).

CNTs have properties that are advantageous for cancer targeting. CNTs have a high drug
loading capacity. Additionally, CNTSs are triggered to release their drug load in acidic
environments. However, one of the main disadvantages of CNTSs is that they may cause
inflammation and toxicity even after functionalization (Roda et al., 2011). The CNT
purification process is also laborious, and commercially available CNTs are contaminated
with particles that make them nonbiocompatible. Noncovalent bonding of drugs can result in
inefficient attachment and release of the drug before it reaches its therapeutic target
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(Gottesman et al., 2002; Shi Kam et al., 2004). These limitations must be addressed before
CNT-based cancer therapies can advance to clinical trials.

5. TARGETING MOIETIES

5.1. Folate

Targeting moieties are ligands that bind to receptors that are overexpressed on cancer cells.
Conjugating targeting moieties to the surface of particles promotes uptake and intracellular
retention of particles by malignant cells, both of which enhance therapeutic efficacy (Sahoo
and Labhasetwar, 2005). Active targeting of malignant cells using ligands promotes
receptor-mediated endocytosis. After a ligand binds to its corresponding cell surface
receptor, the receptor-ligand-particle complex is endocytosed. Active targeting promotes
direct cell kill and enhances cytotoxicity of anticancer drugs against malignant cells, while
passive targeting promotes accumulation of particles in tumor tissue (Pastorino et al., 2006).
Targeting moieties discussed here include folate, transferrin, monoclonal antibodies
(MADbs), peptides, EGF, and aptamers.

Ideally, unique cell-surface antigens would be expressed exclusively on, and
homogeneously among, cancer cells (Danhier et al., 2010). However, receptors
overexpressed on cancer cells are also expressed on nonmalignant cells in lower numbers.
Therefore, ligands should have high affinity and specificity for overexpressed cell surface
receptors (Brumlik et al., 2008). Additional considerations for ligand selection include
whether or not the ligand promotes internalization of the anticancer drug or drug-particle
complex into malignant cells and the ease of ligand conjugation to the anticancer drug or
particle.

Folate is the most extensively researched receptor for cancer targeting. Folate, or folic acid,
is an essential vitamin necessary for cell function and synthesis of purine and pyrimidine for
DNA. FR is typically overexpressed on malignant cells, and may be upregulated on cancer
cells by up to two orders of magnitude (Low and Antony, 2004). FR is overexpressed in
lung, head, neck, brain, ovarian, uterine, bone, breast, and renal cancer (Elnakat and
Ratnam, 2004; Shmeeda et al., 2006; Vasir and Labhasetwar, 2005). FR is present in a
reduced form on most nonmalignant cells as a low affinity carrier that selectively transports
reduced forms of folate into the cell (Hilgenbrink and Low, 2005). Folate uptake on most
cells is mediated by either the reduced folate carrier or a proton-coupled folate transporter,
neither of which display affinity for folate conjugates (Low and Kularatne, 2009). In
contrast, a high affinity form of FR is overexpressed on many cancer cells and has limited
expression on nonmalignant cells. There are two FR isoforms known to be overexpressed in
cancer: FR-a is found in epithelial cancer and FR-f is found in myeloid leukemia and
macrophages of chronic inflammatory disease. FR-a is found in low levels in nonmalignant
epithelia (Lu and Low, 2002), with the exception of the placenta and the choroid plexus
(Sudimack and Lee, 2000). However, FR-a is found on the apical surface of the
nonmalignant epithelia, and it is therefore not accessible to folate conjugates on the surface
of cancer targeted delivery vehicles (Low and Kularatne, 2009). FR-f is generally found in
low levels in nonepithelial and hematopoietic cells (Lu and Low, 2002).
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Folate is easily conjugated to particles, and it has a high binding affinity for the FR (Low
and Antony, 2004; Shmeeda et al., 2006; Stella et al., 2000). PAMAM-folate-methotrexate
dendrimers have been shown to decrease toxicity and enhance efficacy 10-fold relative to
free methotrexate in mice with human KB tumors (Kukowska-Latallo et al., 2005). KB cells
are a keratin-producing cell line established by HeLa cell contamination (Lacroix, 2008).
Additionally, liposomes encapsulating doxorubicin and coated with a folate-conjugated
poly(L-lysine) polymer exhibited increased toxicity in both human lung and nasopharyngeal
cancer cells in vitro compared to non-targeted doxorubicin encapsulated liposomes
(Watanabe et al., 2012). Folate-conjugated particles are also used to target various
malignancies for tumor imaging in mouse models (Chen et al., 2011b; Hou et al., 2011).

Folate has many advantages as a targeting ligand. Folate is inexpensive, non-immunogenic,
available in large quantities, and easily conjugated to particles and anticancer drugs (Lee and
Low, 1994; Sudimack and Lee, 2000). Folate is small in size and has a high affinity for its
receptor. Some folate conjugates are released from the FR in the endosome during
acidification (Lee et al., 1996; Wileman et al., 1985). Folate-conjugated particles have
demonstrated endosomal escape through an unknown mechanism (Hilgenbrink and Low,
2005), preventing damage to the anticancer drug by lysosomal enzymes. Further research on
this phenomenon is necessary to elucidate its mechanism. It has also been demonstrated that
monovalent FR-containing endosomes are only mildly acidic (pH 6.8), whereas endosomes
of multivalent FR-conjugates are more acidic (pH 5) (Lee et al., 1996; Yang et al., 2007).
The pathway of multivalent folate conjugates can be exploited to trigger drug release using
pH-responsive linkers (Low and Kularatne, 2009). FRs also exhibit limited expression on
nonmalignant cells. Cells that do express folate are inaccessible to folate-drug conjugates in
circulation because they are localized to apical surfaces of polarized epithelia (Hilgenbrink
and Low, 2005).

5.2. Transferrin

Transferrin is a glycoprotein that binds iron and transports it into cells via transferrin
receptor-mediated endocytosis. Because cancer cells have a high rate of proliferation, they
have a greatly increased need for iron to carry out cellular functions, which results in an over
expression of the transferrin receptor (Gatter et al., 1983). Transferrin receptors are
particularly overexpressed on metastasizing and drug resistant cells. In fact, tumor cells
typically overexpress transferrin receptors by 2- to 10-fold compared to nonmalignant cells
(Anabousi et al., 2006).

Several transferrin-conjugated drugs have been tested and have shown improved outcomes
in clinical trials, including adriamycin, cisplatin, and diphtheria toxin (Faulk et al., 1990;
Head et al., 1997; Rainov and Soling, 2005). Transferrin-polymer-drug conjugation has been
used to treat several types of malignant cells in mouse models (Hu-Lieskovan et al., 2005).
Transferrin-conjugated particles loaded with paclitaxel have exhibited enhanced
antiproliferative activity compared to free drug and nontargeted particles due to increased
cellular uptake and reduced exocytosis (Sahoo and Labhasetwar, 2005). These particles have
proven effective against breast cancer cells in vitro (Sahoo and Labhasetwar, 2005) and
prostate cancer in mouse models (Sahoo et al., 2004). Lipid particles (blend of solid and oil
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lipid) conjugated with transferrin also exhibited increased uptake in leukemia cells in vitro
(Khajavinia et al., 2012). Transferrin-conjugated particles can cross the blood-brain barrier
and target rat brain tumor glioma cells in in vitro models (Pulkkinen et al., 2008).

Transferrin has several advantages for targeted delivery to cancer cells. Human transferrin is
non-immunogenic; therefore, it can be safely delivered without causing toxicity.
Transferrin-conjugated drugs have been shown to prevent cardiotoxicity and drug resistance
(Singh, 1999). Transferrin has been used to successfully deliver many cancer drugs.
Additionally, the likelihood of transferrin binding to tumor cells is higher compared to
nonmalignant cells because transferrin receptors on tumor cells recycle back to the surface
more quickly (Singh, 1999). Transferrin can also be easily obtained from human sources.
However, there are some disadvantages to using transferrin as a targeting ligand. Delivery of
transferrin-conjugated drugs in high doses may result in damage to other cells that express
low levels of transferrin receptor (Laske et al., 1997). Transferrin ligands may target liver
cells and highly proliferative nonmalignant cells (Daniels et al., 2006). Further, free
transferrin in the blood may competitively bind to malignant cell receptors, preventing
uptake and limiting efficacy (Xu et al., 1997; Xu et al., 2001).

5.3. Epidermal growth factor

EGFR is a transmembrane receptor that contains an extracellular binding domain (Tai et al.,
2010). EGFR has been found to play a role in the progression of many malignancies
(Danhier et al., 2010), and it is indicative of the metastatic capability of a malignant tumor
(Radinsky et al., 1995; Verbeek et al., 1998). EGFR is overexpressed in many cancer types
including colorectal, lung, head and neck, ovarian, kidney, prostate, and pancreatic cancer
(Lurje and Lenz, 2009). EGFR is overexpressed by 100-fold in some cancer cell types
(Salomon et al., 1995). EGFR is actually a family of receptors that includes EGFR, human
epidermal growth factor receptor-2 (HER-2), HER-3, and HER-4 (Zwick et al., 2001).
HER-2 is overexpressed in some invasive breast cancers and correlates with a poor
prognosis (Sakai et al., 1986). EGFR and HER-2 have been the most extensively studied for
cancer-targeting applications because their activation leads to rapid growth, differentiation,
migration, and survival of cancer cells (Kaptain et al., 2001; Laskin and Sandler, 2004).

Epidermal growth factor (EGF) and transforming growth factor-a are both ligands for
EGFR (Byrne et al., 2008). MADbs can also be used as ligands to target EGFR, and they are
discussed in Section 5.6. EGF-conjugated particles with encapsulated gemcitabine exhibited
greater uptake and anti-proliferative activity in human breast cancer cells compared to
nontargeted particles in mouse tumor models (Sandoval et al., 2012). EGF-conjugated
liposomes have been shown to overcome low specificity and inefficient drug accumulation
in an in vitro model using human epithelial cancer cells and neuronal glioblastoma cells
(Carlsson et al., 2003; Kullberg et al., 2003). Additionally, EGF-conjugated gold
nanoparticles have been shown to target glioma brain tumors, increasing uptake by 10-fold
over untargeted nanoparticles in mice (Cheng et al., 2011).

There are several advantages to using EGF as a targeting ligand. EGF binds to EGFR with
high affinity. A key advantage of EGF relative to other ligands is that it enables drug
delivery to the cell nucleus. EGFR is able to translocate from the cell surface into the
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nucleus through an endocytic pathway in highly proliferative cells (Lin et al., 2001; Torrisi
etal., 1999; Wang et al., 2001). Internalization of EGF also occurs more quickly than
antibody-conjugated anticancer drugs (Fan et al., 1994). A disadvantage of EGF is that it is
mitogenic (Kitchens et al., 1994; Norman et al., 1987) and therefore may promote cell
division.

5.4. Peptides

Peptides are molecules consisting of 2 to 50 amino acids linked by peptide bonds (Reubi,
2003). Some peptide receptors overexpressed in tumor cells include somatostatin, vasoactive
intestinal peptide (VIP), luteinizing hormone-releasing hormone (LHRH), cholecystokinin
(CCK), gastrin-releasing peptide, and bombesin receptor. Somatostatin peptides regulate the
endocrine system and bind to G-coupled peptide receptors with high affinity (Graff et al.,
2005). Somatostatin receptors are overexpressed on many tumor cells and in tumor blood
vessels (Honer et al., 2011). Somatostatin is the most commonly used radiopeptide, a
radioactively labeled peptide that can be used for diagnosis and treatment of malignances
(Graham and Menda, 2011). VIP is a vasodilator that is secreted from some tumors of the
pancreas and nervous system (Das et al., 2009). LHRH is a key regulator of reproduction,
and it is overexpressed in many cancer types including breast, prostate, endometrial, and
ovarian (Kakar et al., 2008). CCK is a digestive hormone, and CCK receptors bind CCK or
gastrin peptides. CCK subtype two receptor (CCK-2R) is overexpressed in medullary
thyroid carcinomas, neuroendocrine tumors, small cell lung carcinomas, and colorectal
cancers (Sosabowski et al., 2009). Bombesin peptides stimulate gastrin release and are
overexpressed in small cell carcinoma of the lung, gastric cancer, and neuroblastoma
(Ohlsson et al., 1999).

Peptides have been used in many tumor targeting studies. In vitro, LHRH peptide-
conjugated particles enhanced internalization in cancer cells overexpressing LHRH
receptors when compared to nontargeted particles (Taheri et al., 2011). Divalent gastrin
peptides, which are composed of two peptides, have been used to target CCK-2Rs. Contrast
agent-conjugated gastrin peptide increased binding affinity and tumor uptake of the peptide
in mice (Sosabowski et al., 2009). VIP-conjugated micelles loaded with anticancer drug had
significantly higher toxicity than nontargeted micelles when targeting VIP receptor-
expressing breast cancer cells in vivo (Onyuksel et al., 2009). VIP-conjugated liposomes and
micelles exhibited increased accumulation in malignant cells compared to nontargeted
particles in breast cancer in situ tumor models in rats (Dagar et al., 2003; Onyuksel et al.,
2009). Somatostatin has been conjugated to many anticancer drugs, and it has displayed
significant somatostatin receptor-selective antitumor ability in mouse models (Sun and Coy,
2011). The bombesin analog, a man-made peptide comparable to bombesin, also exhibits
specific targeting in vivo. The bombesin analog has been used to target gastrin-releasing
peptide receptors to treat prostate carcinoma in a mouse model (Honer et al., 2011). A
peptide that has been used to treat hypovascular tumors is the Ala-Pro-Arg-Pro-Gly
(APRPG) peptide. APRPG targets angiogenic vessels; it is not specific to tumor cells.
However, these peptides are beneficial for treating hypovascular tumors because they
interact with endothelial cells facing the circulating blood, and APRPG peptides damage
angiogenic vessels without the need for particle extravasation (Asai, 2012). Anticancer drug-
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loaded liposomes (Yonezawa et al., 2007) and micelles (Saito et al., 2007) exhibited
increased tumor regression relative to nontargeted particles in a mouse model of a
hypovascular orthotopic pancreatic tumor.

In addition to targeting peptide receptors, peptides are commonly used as ligands to target
integrin. Integrin, a transmembrane receptor that mediates adhesion between cells and
surrounding tissue, is typically overexpressed in tumor neovasculature (Arias, 2011). There
are many types of integrin; however, a,f3 is the most commonly targeted integrin receptor
for cancer drug delivery. a,f3 integrin is a receptor on endothelial cells that binds
extracellular matrix proteins that contain the arginine-glycine-aspartic acid (RGD) sequence
(Byrne et al., 2008). The RGD peptide has high binding affinity for a,f3 which is expressed
on angiogenic endothelium in malignant tissue (Brooks et al., 1994). RGD peptides are
commonly used to target a,f3 integrin (Byrne et al., 2008). The a,3 ligand has been used
for in vivo gene delivery to cancer cells using cationic polymerized liposomes (Hood et al.,
2002). RGD10, a high affinity peptide conjugated to doxorubicin-loaded liposomes, resulted
in improved uptake compared to free doxorubicin and untargeted liposomes in a mouse
colon cancer model (Hélig et al., 2004). Additionally, cyclic RGD peptide targeted a,f3
positive cells in ovarian carcinoma tumors in a xenograft mouse model (Dijkgraaf et al.,
2007). Doxorubicin encapsulated in RGD-conjugated particles resulted in selective
apoptosis of a,f3-positive cells and a 15-fold increase in anticancer activity in a mouse
melanoma model (Murphy et al., 2008).

There are several advantages to using peptides as ligands for cancer targeting. Generally,
peptides have low immunogenicity, are small in size, and are excreted via the liver or kidney
(Dijkgraaf et al., 2007). Peptides have high binding affinity for their receptors and are
designed to duplicate the target region of the physiological receptor, resulting in high
specificity. RGD peptides have high chemical stability in vivo, and they are easy to fabricate
(Gu et al., 2007). Additionally, RGD peptides for integrin targeting have strong avidity, due
to the formation of multiple ligand-receptor bonds, and extended blood circulation half-lives
compared to other peptides (Montet et al., 2006). Diagnostic imaging has been achieved in
clinical trials using radiopeptides to target malignant cells and also to administer treatment
using radiotherapy (Graham and Menda, 2011). However, peptides are rapidly degraded by
peptidases, enzymes that catalyze hydrolysis of peptide linkages (Reubi, 2003); therefore,
stable analog peptides will be required for clinical applications.

5.5. Aptamers

Aptamers are DNA or RNA oligonucleotide sequences that are folded into unique 3D
conformations and bind to target antigens (Pestourie et al., 2005). Aptamers have potential
as cancer-targeting ligands because they can facilitate delivery of particles to tumor antigens
on the surface of malignant cells (Smith et al., 2007). Nucleic acid aptamers can be
engineered using in vitro selection or SELEX (systemic evolution of ligands by exponential
enrichment) (Huang et al., 2009). SELEX is used to select aptamers that bind to their targets
with high affinity (Ellington and Szostak, 1990; Tuerk and Gold, 1990). Aptamers from a
DNA or RNA pool can be selected and enriched via repetitive binding to their target
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molecule. Aptamers can target proteins, small molecules, nucleic acids, cells, and tissues
(Huang et al., 2009).

Aptamers can be conjugated directly to anticancer drugs or particles, and they can be used to
target receptors on the cell surface or ECM molecules expressed by tumors (Das et al.,
2009). Covalent conjugation of aptamers to particles can be achieved using succinimidyl
ester amine chemistry that produces stable amide linkages or through maleimide thiol
chemistry (Farokhzad et al., 2004) to form thioether bonds. Noncovalent conjugation
involves affinity interactions and metal coordination (Farokhzad et al., 2006; Farokhzad et
al., 2005). PLGA-PEG particles conjugated with prostate-specific membrane antigen
aptamer have been engineered to deliver an increased drug dose to prostate cancer cells
compared to nontargeted particles in xenograft mouse models (Dhar et al., 2011).

There are several advantages to using aptamers as ligands for cancer drug delivery. The
advantages include high specificity and binding affinity for the target antigen, minimal
immunogenicity, and easy modification (Drolet et al., 2000; Torchilin, 2005). Aptamers are
stable over wide temperature and pH ranges, and they are stable in organic solvents (Nimjee
et al., 2005; Wilson and Szostak, 1998). Additionally, aptamers are able to bind to proteins,
molecules, nucleic acids, cells, or tissues (Burgstaller et al., 2002). Aptamers also exhibit
effective tissue penetration (Hicke and Stephens, 2000). A key advantage of aptamers is
their ease of synthesis and capability for large scale production. However, aptamers are
susceptible to nuclease degradation, have very short circulation half-lives, and can be
quickly cleared by the kidneys (Das et al., 2009). The aptamer circulation half-life can be
extended by using pyrimidine or PEG linkages between the aptamer and particle (Ulrich et
al., 2005) to prevent opsonization.

5.6. Monoclonal antibodies

MADbs are produced by clones of a single B lymphocyte and bind to a single epitope of a
target antigen. MAbs are used to target specific receptors and interfere with signal
transduction, which disrupts cancer cell proliferation (Danhier et al., 2010). Examples of
MADbs include trastuzumab, bevacizumab, and etaracizumab, which are antibodies for
ERBB?2, vascular endothelial growth factor (VEGF), and a,3, respectively.

MADbs can be conjugated to liposomes for cancer targeting. MAb-conjugated liposomes are
called immunoliposomes. Immunoliposomes can be prepared through conjugation of the
MAD to the phospholipid head or PEG tail group (Sapra and Allen, 2003).
Immunoliposomes have been used to target HER-2. Anti-HER-2 immunoliposomes
encapsulating doxorubicin exhibit enhanced anticancer activity compared to untargeted
liposomes in HER-2-overexpressing cancer cells in rat xenograft tumor models (Park et al.,
2002; Park et al., 2001). MAbs have been used in targeted therapy for breast cancer.
Cytokeratin is a MADb used to target invasive breast cancer epithelial cells. Drug-loaded
PLGA particles conjugated with cytokeratin showed improved efficacy in treating breast
cancer cells invitro (Kos et al., 2009). Additionally, HER-2 trastuzumab antibody-
conjugated PLGA particles exhibited improved cellular uptake and anticancer activity
compared to nontargeted polymers in breast cancer cells in vitro (Sun et al., 2008).
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The use of MADbs has also been explored for targeting cancer stem cells (CSCs). CD44, a
cell-surface ECM receptor, is an established marker of CSCs (Deonarain et al., 2009). CD44
may exhibit various signaling functions depending on its protein interaction, including
proliferation, apoptosis, survival, migration, and differentiation (Deonarain et al., 2009).
Anti-CD44 antibodies have been used for targeted anti-CSC therapy. H90, a MAb specific
to CD44, mediated eradication of acute myeloid leukemic stem cells in non-obese diabetic-
severe immune deficient mice (Jin et al., 2006). A patented humanized version of
H460-16-2, an anti-CD44 MADb, reduced tumor growth in pancreatic cancer xenografts in
mice (Young et al., 2007).

There are advantages and disadvantages to using MADbs as targeting ligands. MAbs have
high affinity and specificity for their target receptor, and they are able to achieve targeted
delivery across the blood-brain barrier. OX26 is a monoclonal antibody that targets the
transferrin receptor. Drug-OX26 conjugates have been shown to cross the blood-brain
barrier using receptor-mediated transcytosis via brain capillary endothelial transferrin
receptors (Bickel et al., 2001). However, MADs are also immunogenic and have short half-
lives. The high molecular weight of monoclonal antibodies also hinders extravasation,
resulting in slow diffusion of MAb-conjugated particles into the target tissue (Dijkgraaf et
al., 2007).

5.7. Vascular endothelial growth factor

VEGF mediates tumor angiogenesis, a common target for cancer drugs. Angiogenesis
enables growth of new blood vessels, which are necessary to provide nutrients to a rapidly
growing malignant tumor. Inhibiting angiogenesis inhibits tumor growth. VEGF is
upregulated in neoplastic tumor cells due to hypoxia in the tumor tissue and oncogene
expression, which results in overexpression of VEGF receptors-1 and -2 on tumor
endothelial cells (Kremer et al., 1997; Shweiki et al., 1992). VEGF expression correlates to
the degree of vascularization and to the stage of the cancer (Brown et al., 1993; Jain et al.,
1998). VEGF is upregulated in bone marrow of patients with hematological tumors (Malik
and Gerber, 2003). VEGF receptors (VEGFRs) are commonly expressed on endothelial cells
of tumor vasculature, in solid tumors, leukemias, and other hematological tumors (Bozec et
al., 2008). VEGFR-2 is typically targeted in therapeutic application because it binds VEGF
and is overexpressed on malignant cells and endothelial cells of tumor vasculature.

VEGF-targeting strategies are different than those of other receptors. VEGF and VEGFR
ligands are used therapeutically for their inhibitory functions, and not simply for targeting a
receptor or antigen. Targeting angiogenesis is typically executed using two approaches:
targeting VEGFRs to decrease binding of VEGF or targeting VEGF to inhibit its binding to
VEGFRs (Backer et al., 2005; Veikkola et al., 2000). The most studied approaches include
inhibition of VEGF and VEGFRs by MADs to inhibit receptor signaling (Malik and Gerber,
2003). Bevacizumab, an antibody that binds to VEGF and inhibits tumor angiogenesis, has
been FDA approved to treat colorectal cancer (Ferrara, 2005). Bevacizumab-conjugated
polymer microspheres loaded with paclitaxel have been demonstrated to target angiogenesis
resulting in growth inhibition of prostate tumors in mice (Lu et al., 2008). Further, boronated
dendrimers conjugated with human recombinant VEGF151, a splice variant of VEGF
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containing 121 amino acids, have the ability to selectively target VEGFR-2 receptors on
breast cancer tumor cells and inhibit tumor growth through receptor binding and endocytosis
of anticancer drugs in a mouse model (Backer et al., 2005). Additionally, pegylated
liposomal doxorubicin effectively reduced breast tumor growth when conjugated with anti-
VEGFR-2 MADbs in various cancer types using a mouse model (Wicki et al., 2012).

One of the advantages of targeting VEGF and VEGFR is that tumor angiogenesis is directly
targeted to inhibit tumor growth. VEGFRs overexpressed both in the tumor endothelium and
tumor cells may be targeted. However, ligands that target VEGFR may also bind to other
VEGF-related receptors and cause harmful side effects (Ferrara, 2005). Using recombinant
VEGEF to target VEGFRSs is also very costly due to difficulty of manufacture and their short
half-lives (Cao, 2001).

6. DRUG RELEASE

Methods of controlled drug release can be categorized as either temporal control or
distribution control (Ulrich et al., 2005). The aim of temporal control is to enable release at a
specific time and/or to extend duration of release. The goal of distribution control is to
release drug at a target site. Distribution control provides additional strategies to enhance
cancer targeting by maximizing the drug concentration at the cancer site, thus minimizing
side effects to nonmalignant cells. This section will focus on methods for distribution
control. The simplest method for achieving distribution control is to inject or implant
anticancer drugs at the target site; however, direct delivery is only feasible if the target site is
safely and easily accessible and the drug remains at the target site (Ulrich et al., 2005). An
engineering approach for enhancing cancer targeting is to use stimuli-responsive particles to
trigger drug release. Particles can be designed to interact with their physiological
environment to promote drug release. Stimuli for release may be intrinsic, exploiting factors
such as physiological pH or enzymes present, or stimuli may be extrinsic, using application
of heat or other applied stimuli to trigger release.

The temporal and spatial drug release profiles that will be required for therapeutic efficacy
are fundamental considerations when designing stimuli-responsive particles for targeted
cancer therapy. Stimuli-responsive particles should enhance uptake by malignant cells and
stimulate intracellular release in order to maximize the drug dose delivered to malignant
cells. The particles should also be designed to promote endosomal escape after endocytosis
for delivery to intracellular compartments. After a particle has been endocytosed, endosomal
trafficking from the endosome to the lysosome occurs within 2 to 3 minutes (Liechty and
Peppas, 2012). Particles must be designed to escape the endosome to avoid damage to the
drug by the lysosomal enzymes. To avoid harming nonmalignant cells, particles must also
be strictly designed to release their payloads at the targeted cancer sites and not in
nonmalignant cells or tissues. If the pH- or thermo-response of a particle is not tightly
controlled, it may result in drug release to non-targeted cells. The fate of the particle
polymer component after drug release is also an important consideration. As reviewed in
Section 3.5, polymer particles that can be degraded or excreted by the kidneys will have
lower toxicity. Stimuli-responsive particles should also enable attachment of ligands to
promote active targeting of the treatment site before the drug release is triggered.
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6.1. pH-responsive drug release

Drug release can be triggered by taking advantage of the pH of the intratumoral environment
or the intracellular environment. In nonmalignant body tissue, pH is maintained near 7.4.
The pH of solid tumors varies in the range of approximately 5.7 to 7.6 due to accumulation
of acidic metabolites that are the result of low blood pressure and hypoxia caused by
abnormal tumor vessels (Dellian et al., 1996; Stubbs et al., 1999; Tannock and Rotin, 1989).
The pH variation is even greater within the cell. Once drug-particle complexes are
endocytosed, endocytotic vesicles convert to early endosomes, where the pH range is 5.9 to
6.8, and then to late endosomes, where the pH range is 5 to 6 (Liechty and Peppas, 2012).
Late endosomes then fuse with lysosomes, in which the protein concentration is 100-fold
higher than physiological conditions, and the pH decreases to an average of 5 (Bae et al.,
2003).

pH sensitivity can be achieved by conjugating the drug to particles using acid-cleavable
linkers or by conjugating a drug to, or encapsulating it within a pH sensitive polymer. Acid-
cleavable linkages can be used to conjugate the drug to the polymer to form a prodrug that
will remain inactive until the polymer has been cleaved. Prodrug particles are easily
hydrolyzed through cleavage of their chemical bonds with water molecules at lower pH.
Common pH-responsive linkages include acetals, anhydrides, cis-aconityl, and hydrazones
(Duncan, 2003). Dimethylmaleic anhydride has been used as a pH-sensitive linker for
polymeric particles (Kamada et al., 2004). The linker binds to amine groups at pH greater
than 8 and reverts to anhydride to release the drug at pH less than 7. Hydrazone is another
pH-sensitive linker that can be used to create an environmentally reactive cancer drug.
Doxorubicin-conjugated polymer particles linked with hydrazone are stable at physiological
pH; however, at pH 5, they release almost 50% of the drug (Etrych et al., 2001).
Experiments in a mouse model demonstrated that these pH-sensitive particles slowed T cell
lymphoma tumor growth when compared to free doxorubicin (Ulbrich et al., 2003) due to a
triggered and controlled release of DOX at the tumor site.

In addition to pH-sensitive linkers, pH-responsive polymers can be used to trigger drug
release under acidic conditions. pH sensitivity is found in ionizable groups, such as amine,
azo, carboxylic acid, imidazole, pyridine, and thiol groups (Kim et al., 2009). pH-responsive
polymers are triggered to escape the endosome by endosomal acidification and release their
payload. Under low pH, pH-responsive particles absorb protons in the endosome, which
increases endosome osmotic pressure, resulting in disruption of the endosomal membrane
and particle release into the cytoplasm (Gao et al., 2010a). This mechanism is called the
‘proton sponge’ effect (Behr, 1997). The most common pH-sensitive liposomes contain
phosphatidylethanolamine (PE) in the membrane bilayer (Simoes et al., 2004).
Poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO) copolymer modified with poly(B-
amino ester) (PBEA) creates a pH-sensitive particle. This modified PEO-PPO-PBEA particle
is stable at physiological pH and exhibits burst release at pH less than 6.5 (Shenoy et al.,
2005). When loaded with paclitaxel, these pH-sensitive particles exhibited increased
accumulation and anti-tumor activity in mouse xenograft tumor models of ovarian cancer
(Devalapally et al., 2007). Acetal polymers can also be used for controlled release in pH-
sensitive micelles. The acetal groups, which form the hydrophobic core to encapsulate the
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drug, are hydrolyzed under acidic conditions (Gillies and Frechet, 2005), resulting in micelle
disruption and drug release.

One of the key advantages of pH-responsive particles is that they are able to exploit pH
variances to promote endosomal escape. pH-sensitive particles enhance endosomal escape
using the proton sponge effect. However, pH-sensitive particles can be toxic to
nonmalignant cells if they are not designed to release their drug payload only within a
precise pH range (Kim et al., 2009). Few pH-responsive delivery systems for cancer therapy
have progressed to clinical trials due to concerns of toxicity to nonmalignant tissues,
regulatory issues, and inefficient translation of in vitro efficacy to in vivo efficacy (Liechty
and Peppas, 2012).

6.2. Enzyme-responsive drug release

Enzyme-responsive materials can be used to trigger drug release. After a particle has been
endocytosed, it is exposed to pH changes and enzymatic degradation in the lysosome. When
an endosome fuses with a lysosome, the particle is exposed to lysosomal enzymes such as
glycosidases, proteases, and sulfatases that digest cellular waste. Enzymatically degradable
spacers can be conjugated to polymeric particles to produce enzyme-mediated drug release
(Hoste et al., 2004). Cancer drugs can be attached to the spacers, and upon lysosomal fusion,
hydrolases degrade the spacer and release the drug. Lysosomal enzymes are not only
expressed intracellularly, they are often overexpressed intratumorally, making them a
promising target for enzyme controlled drug release. Enzymes including cathepsin B and D
and metalloproteinase are overexpressed in tumor tissue and play a role in cancer
progression (Gialeli et al., 2010; Masson et al., 2011; Podgorski and Sloane, 2003).

The most common type of spacer for enzyme-mediated drug delivery is an oligopeptide, a
peptide composed of 2 to 20 amino acids. The rate of cleavage or enzymatic degradation of
the peptide depends on the amino acid composition. Drug release can be modified by
adjusting the length and composition of the spacer. Oligopeptide spacers with a C-terminal
glycine are degraded more quickly, whereas hydrophobic terminal amino acids, such as
leucine and phenylalanine, are degraded slowly (De Marre et al., 1994a; De Marre et al.,
1994b). In an in vitro study, polymer-coated gold nanoparticles with glycine-phenylalanine-
leucine-glycine spacers were designed to effectively control release of cancer drugs upon
enzymatic degradation of the spacer (Schneider et al., 2009).

Controlled release and delivery of cytotoxic drugs can also be achieved by using antibody-
directed enzyme prodrug therapy (ADEPT) (Sharma et al., 2010). In ADEPT, enzymes are
first delivered to tumors using antibody-enzyme conjugates to target tumor cells. After
enzymes bind to receptors on tumor cells and residual enzymes are cleared from circulation,
prodrug is administered that is then enzymatically degraded within the tumor by the bound
enzymes to create an active drug. ADEPT has been successful in clinical trials for the
treatment of malignant tumors (Napier et al., 2000).

Enzyme-responsive drug carriers have advantages for cancer targeting because they
minimize toxicity to nonmalignant cells. Through the use of prodrugs, the anticancer drug
only becomes active at the target cancer site, limiting exposure of nonmalignant cells to the
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harmful effects of the drug. The prodrug-enzyme therapy enables delivery of large amounts
of drug to the tumor site. However, one of the disadvantages of this therapy is the poor
solubility of prodrugs (Hoste et al., 2004). Furthermore, even though ADEPT therapy results
in local delivery, some active drug may escape the tumor site and cause damage to
nonmalignant cells (Springer et al., 1993).

6.3. Thermoresponsive drug release

Hyperthermia can be used to trigger drug release from particles composed of
thermoresponsive polymers. Local hyperthermia can be generated using infrared light,
microwaves, hot water bath, ultrasound, or radiofrequency, depending on the location of the
tumor (Hosokawa et al., 2003). Magnetic particles, in conjunction with an alternating
magnetic field, can also be used to generate localized hyperthermia (Kobayashi, 2011).
Regional hyperthermia is typically generated via perfusion by heating the blood. The
temperature range for hyperthermia is between 37 and 42°C; at 42°C, five degrees above
physiologic temperature, cells begin to show signs of thermal damage (Crile, 1962).
Thermosensitive particles can be delivered intratumorally through passive accumulation due
to the EPR effect. After particle accumulation, heat can be applied locally to stimulate drug
release from the thermosensitive particles. Hyperthermia also increases the permeability of
the heated tissue and cells, promoting intracellular uptake of drug or particle-drug
conjugates. Electroporation, a technique in which an electric field is generated around the
target tissue, also increases permeability, and it can be used to ablate tissue through
irreversible electroporation (Davalos et al., 2005).

Poly(N-isopropyl acrylamide) (PNIPAAmM) is a commonly used thermoresponsive polymer.
The thermosensitivity of PNIPAAm results from a balance between hydrophobic and
hydrophilic polymer segments; interactions between these segments causes chain
aggregation and cross-linking (Kim et al., 2009). PNIPAAm is soluble at room temperature
and gels above its lower critical solution temperature (LCST) (Kaneko et al., 1999;
Nakayama et al., 2006), the temperature below which the polymer is miscible. The LCST of
PNIPAAm is close to body temperature; therefore, the polymer will gel and trap drug
molecules upon injection. However, PNIPAAm is commonly blended with other polymers
to create particles or particle coatings. LCST of PNIPAAmM is tunable via copolymerization
of hydrophobic monomers or adjusting the molecular weight of the polymer. Hydrophobic
monomers and high molecular weight decrease LCST, while hydrophilic monomers increase
LCST (Kim et al., 2009). Doxorubicin-encapsulated magnetic particles coated with
PNIPAAmM exhibit drug release when heated at 42°C in vitro (Purushotham et al., 2009). A
PNIPAAmM copolymer loaded with camptothecin anticancer drug in conjunction with
hyperthermia suppressed tumor growth in a mouse model of colon cancer (Peng et al.,
2011).

Thermosensitive polymers that have been used to encapsulate cancer drugs include block
copolymers of PEG-PLGA and PEO-PPO (Jeong et al., 2000; Kabanov et al., 2002). A
multiblock polymer composed of poly(e-caprolactone), PEG, and poly(propylene glycol)
segments was synthesized to promote controlled release of paclitaxel (Loh et al., 2012). The
copolymer exhibited sustained drug release for more than two weeks, and it arrested growth
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of cervical cancer-derived HeLa cells in vitro compared to paclitaxel encapsulated in non-
thermosensitive particles. Adriamycin encapsulated in a thermosensitive liposome had
greater delivery across the blood-brain barrier and greater anti-tumor activity in
hyperthermia-treated mice with glioma than treatment with free drug or Adriamycin
encapsulated in non-thermosensitive liposomes (Gong et al., 2011). Preliminary research has
shown that permeability of the liposome across an in vitro model of the blood-brain barrier
increased significantly with elevated temperature. Another liposomal formulation termed
‘Hyperthermia-activated cytoToxic’ (HaT), resulted in greater cell membrane permeability
and drug release for mammary cancer cells in mice at elevated temperature, 40 to 41°C
(Tagami et al., 2011). The liposomal HaT increased uptake of doxorubicin into heated tumor
tissue by 5.2-fold and reduced delivery to the heart by 15-fold compared to free doxorubicin.
Using hyperthermia, administration of a single intravenous treatment of the doxorubicin-
encapsulated thermosensitive liposome resulted in greater mammary carcinoma tumor
regression compared to free doxorubicin and temperature-sensitive lysolipid (phospholipid
containing one carbon chain) liposomes in a mouse model (Tagami et al., 2011).

Thermosensitive drug carriers have several advantages for cancer targeting. Hyperthermia
increases accumulation of drug in malignant tissue and cells (Gaber et al., 1996; Kong et al.,
2001) by increasing the permeability of tumor vessels and tumor cells. Hyperthermia also
increases cell sensitivity to thermally-induced injury (Fajardo and Prionas, 1994), which
increases the death rate of malignant cells. Additionally, thermoresponsive polymers can
solubilize hydrophobic drugs, and they can be used with poorly soluble drugs (Vukelja et al.,
2007; Zentner et al., 2001).

7. FUTURE DIRECTIONS IN CANCER TARGETING

The successes of current research in targeted anticancer drug delivery demonstrate that the
future of cancer-targeting therapy is promising. Particle drug encapsulation, passive and
active targeting, and controlled release each enhance the targeting capabilities of anticancer
drugs. Targeted cancer treatments such as particle encapsulation, targeting moiety
conjugation, and stimuli-responsive drug release have already demonstrated improved
patient outcomes relative to untargeted systemic drug administration in clinical trials.
Research is ongoing to further improve targeted drug delivery for a variety of cancers.
However, the tumor microenvironment is very complex, and optimizing targeted delivery
requires a sophisticated drug delivery system that utilizes more than one targeting approach,
for example, combining targeting moiety conjugation with stimuli-responsive drug release.
Recent studies have shown that particle systems designed to have multiple functions further
enhance the specificity of targeted drug delivery that is required to improve treatment
efficacy and reduce treatment side effects. These systems combine design elements, such as
particle encapsulation of the anticancer drug, ligand conjugation, controlled release, and
imaging, to improve targeted delivery and to allow greater control over cancer therapy.
Multifunctional systems have explored the delivery of therapeutics beyond chemotherapy,
including DNA and RNA for cancer gene targeting and silencing. Multidrug therapy has
also proven successful in many particle systems (Parhi et al., 2012). Additionally, dual
ligand targeting has been employed to enhance cancer targeting specificity to receptors on
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malignant cells. The goal of the combinatorial approach is to further enhance targeted
delivery.

7.1. Multifunctional delivery systems

Recently, multifunctional delivery systems have been designed to provide a comprehensive
approach to targeting cancer. Multifunctional delivery systems are particles that have
multiple functionalities, including diagnostic imaging, targeted drug delivery, and controlled
drug release. These particles enable active monitoring of the cancer during administration of
chemotherapy, which allows further control over the treatment process. Multifunctional
particles combine multiple-targeting methods in an attempt to achieve optimal therapeutic
results. These carriers may also support combination drug therapy by loading the particle
with multiple drugs to achieve a better therapeutic outcome. Single drug chemotherapy may
sometimes result in poor prognosis due to multidrug resistance, toxicity, and undesirable
side effects (Parhi et al., 2012). Particle-based combination therapy provides a synergistic
effect that enhances treatment effectiveness and overcomes limitations of single drug
therapy. Multifunctional delivery systems can be used to deliver and monitor combination
drug therapy to further improve cancer treatment.

There are many design options for multifunctional delivery systems. For example, a
poly(propylene imine) dendrimer was designed for multifunctional drug delivery by loading
it with both small interfering RNA (siRNA) and superparamagnetic iron oxide (SP10)
nanoparticless followed by conjugation with LHRH peptide, (Taratula et al., 2009). SP10s
are used as magnetic resonance imaging (MRI) contrast agents. The combination of the
LHRH peptide and the SP10 contrast agent enabled successful targeting and monitoring of
SiRNA nanoparticles to LHRH receptor-positive ovarian and lung cancer cells, which
resulted in tumor suppression in a mouse model. In another recent example, magnetic
particles loaded with an anticancer superparamagnetic manganese complex were
functionalized with PEG and RGD peptides and doped with fluorescent dye (Chen et al.,
2012). The magnetic particles enabled in vitro imaging and differentiation between
malignant and nonmalignant liver cells using MRI. RGD peptides enabled effective
targeting and internalization of particles into HeLa cells in vitro. Multifunctional degradable
polymeric particles have been developed for cancer “theranostics,” which combines
diagnostic and therapeutic capabilities (Wang et al., 2012). Photosensitive and fluorescent
imaging agents were incorporated into a polymer particle matrix with PEG and peptide
targeting ligand conjugated to the surface. The degradable particles efficiently targeted
breast cancer cells in vitro and enabled fluorescent imaging. The photosensitive drug also
caused damage when tumor cells were irradiated with light at the appropriate wavelength.

Microbubbles (MBs), another type of multifunctional theranostic agent, have recently been
studied for drug and gene delivery applications. MBs contain a gas core and an outer shell
composed of lipids, proteins, or polymers (Sirsi and Borden, 2009). MBs have decreased
solubility and diffusivity due to the high molecular weight gases contained in their core,
making the bubble robust and able to recirculate in the blood stream several times (Greco et
al., 2010). MBs exhibit useful properties for diagnostic imaging and drug delivery when
subjected to ultrasound. MBs produce a backscattered echo under ultrasound that can be
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used to detect the bubble, making it useful as an imaging contrast agent. A MB also
functions as a vehicle for gene and drug delivery. The MB is triggered for local release of its
cargo by an ultrasound ‘destruction’ pulse in a technique referred to as ultrasound-targeted
MB-destruction (UTMD) (Sirsi and Borden, 2009). The UTMD approach has been used to
enhance therapeutic outcomes by delivering cancer terminator viruses (Das et al., 2012).
MBs and UTMD have been used for delivery of a combination of adenoviruses that resulted
in tumor growth inhibition in a mouse model of prostate cancer (Dash et al., 2011). In
another study, ultrasound-guided MBs, complexed with a cancer terminator virus, eradicated
targeted therapy-resistant tumors and nontargeted distant tumors in xenograft mouse models
of prostate cancer (Greco et al., 2010).

7.2. Dual ligand targeting

The dual ligand targeting approach involves conjugating more than one type of ligand to the
surface of a particle. Dual ligand targeting is based on the idea that cancer cells tend to
overexpress multiple types of surface receptors (Li et al., 2011). For example, both HER-2
and EGFR are often overexpressed in breast cancer, while both EGFR and bombesin peptide
are often overexpressed in prostate cancer. A key challenge for targeted cancer treatment is
that many receptors that are overexpressed on malignant cells are also expressed on
nonmalignant cells at lower, normal expression levels. Conjugation of two different ligands
to particles to target overexpressed receptors has been shown to result in a higher rate of
malignant cell recognition than that of either of the individual ligands (Li et al., 2011) by
increasing specificity. Dual ligands increase the binding avidity of the particle complex to
the malignant cell by binding two different ligands to two different receptors on the surface
of the same cell (Meng et al., 2010). Dual ligands can further improve targeted delivery by
enhancing the specificity of malignant cell targeting, thereby reducing toxicity to other cells.

Dual ligand targeting was demonstrated in vitro with human KB cells that overexpress both
FR and EGFR (Saul et al., 2006). Both folic acid and MAbs for EGFR were conjugated to
liposomal particles. When KB cells expressing both receptors were tested against cells in
which one or both of the receptors were blocked, the results showed that the dual ligand
improved detection of the KB cells.

Dual ligands have been shown to enhance cancer targeting in several other studies. Dual
ligand gold nanoparticles (GNPs) have been designed to promote multivalent interactions
between GNPs and FR-overexpressing cancer cells (Li et al., 2011). GNPs with folate and
glucose conjugation enhanced cellular recognition of FR-overexpressing cells. Cellular
uptake was increased by 3.9- and 12.7-fold compared to GNP-folate and GNP-glucose. In
another study, ay, integrins and neuropilin-1 (NRP-1), a receptor for VEGF, were chosen as
simultaneous tumor targets (Meng et al., 2010). RGD was used to target a,, integrins and a
heptapeptide was used to target NRP-1. Targeting was tested in vitro in lung carcinoma cells
and human umbilical vein endothelial cells, both of which express a,, integrins and NRP-1.
The dual targeting ligands increased uptake of paclitaxel in both cell lines. Dual targeting of
brain glioma was achieved using the TGN peptide, a 12 amino acid peptide that targets the
blood-brain barrier, and AS1411 aptamer, a DNA aptamer that binds to nucleolin protein in
glioma cells (Gao et al., 2012). The dual ligand polymeric particles not only targeted
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endothelial and glioma cells, they also penetrated the endothelial monolayers and tumor
cells to reach the core of the tumor spheroids in vitro (Gao et al., 2012). A similar strategy
was used by another group to also successfully target brain glioma using p-aminophenyl-a-
D-mannopyranoside (MAN) and transferrin-conjugated liposomes to enhance penetration of
the blood-brain barrier and targeted delivery to glioma, respectively, in a rat model (Ying et
al., 2010).

8. CONCLUDING REMARKS

This review has focused on bioengineering approaches to improve targeted delivery of
cancer therapeutics, which include particles, targeting moieties, and stimuli-responsive drug
release mechanisms. Design criteria must be understood in order to achieve the goals of
cancer targeting, which include (1) selective targeting of cancer cells, (2) efficient release of
anticancer drugs at the target site, and (3) elimination of cytotoxicity to non-cancerous
tissue. To achieve these goals, barriers to targeted delivery, including opsonization,
nonspecific uptake by nonmalignant cells, and multidrug resistance, must be addressed when
designing targeted anticancer drugs. By combining particles, targeting ligands, and triggered
release mechanisms, cancer targeting drugs can be improved and customized to achieve
targeted cancer treatment.

Advances in nanotechnology and biomaterials have enabled the development of enhanced
drug carriers for cancer targeting. Particles have been designed to encapsulate drugs to
reduce toxicity to nonmalignant cells and to take advantage of passive targeting mechanisms
using the EPR effect. Additionally, the surface properties of particles can be customized
using techniques such as pegylation to enhance biocompatibility and to reduce cytotoxicity.
Micelle and liposomal particles can be used to encapsulate hydrophobic drugs for delivery;
however, there is a need for improved drug-loading capacity. CNTs have high drug-loading
capacity but efficient purification methods are needed before CNTSs can be used
commercially as nanocarriers for cancer drugs. Dendrimers and other polymeric particles
show promise for many cancer drug delivery applications because they are both highly
customizable, and they can be designed with minimal immunogenicity and high drug
loading capacity.

Targeting ligands can be attached to particles to promote active targeting and endocytosis of
the drug by the targeted cancer cell. Ligands are selected to target receptors that are
overexpressed on the surface of malignant cells. Folate is a widely used targeting ligand
because its receptor is overexpressed in many cancer cells, but not on most nonmalignant
tissues. Transferrin is non-immunogenic and can be easily obtained from human sources, but
it can also cause toxicity to nontarget tissue due to nonspecific uptake in nonmalignant cells
that have low-level expression of transferrin receptors. MAbs have high affinity and
specificity for their target receptors, but are also immunogenic and diffuse more slowly due
to a high MW. Peptides have potential for many cancer targeting applications due to the
large selection of targeting ligands, high binding affinity and specificity, and low
immunogenicity.
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Controlled release of the anticancer drug from a particle carrier can be achieved using pH,
enzyme, or thermo-responsive particles or conjugates. Stimuli-responsive particles promote
release of the drug under the physiological conditions of the cancer tissue or cell. pH-
sensitive particles take advantage of the intratumoral or intracellular pH differences to
promote intratumoral or intracellular drug release. Enzyme-responsive spacers create
prodrugs that are nontoxic until enzymes in the cancer tissue degrade the spacer.
Thermosensitive release is achieved by applying external heat to enhance permeability of
tumor tissue and cells, which increases the accumulation of particle encapsulated anticancer
drugs in malignant cells. Stimuli-responsive polymers or spacers must be tightly controlled
to avoid toxicity to noncancerous tissues.

The future of bioengineering strategies for cancer targeting will be to use a combinatorial
approach to customize delivery of anticancer drugs and improve treatment outcomes.
Multifunctional drug delivery systems are being designed that achieve imaging, targeted
delivery, and controlled release from each particle. In addition, dual ligand targeting to
multiple overexpressed receptors on malignant cells enhances specificity of particles for
malignant cells while further reducing nonspecific uptake by nonmalignant cells. This
combinatorial and customized approach to the design of particles shows promise for
optimizing targeted cancer drug delivery to improve efficacy and to minimize side effects
associated with drug delivery to nonmalignant cells.
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Figure 1.
Passive targeting. (A) Nanoparticles accumulate in tumor tissue due to the enhanced

permeability and retention (EPR) effect. Enhanced permeability is due to large endothelial
gaps that result in leaky vasculature. Enhanced retention is due to poor lymphatic drainage.
(B) Smaller particles are able to quickly enter and exit tumor tissue through large endothelial
gaps, while larger particles diffuse more slowly, resulting in the accumulation of a greater
number of particles and drug. Figure modified and used with permission from (Danhier et
al., 2010).
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Active targeting. Active targeting of particles is achieved by conjugation of ligands that
target overexpressed receptors on the surface of cancer cells. Ligands bind to overexpressed
receptors on malignant cells and are endocytosed. Anticancer drugs must then escape the
endosome to avoid degradation and to perform their function within the cell.

Adv Cancer Res. Author manuscript; available in PMC 2014 September 16.



1dussnuein Joyny vd-HIN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Alexander-Bryant et al. Page 48
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Figure 3.
Structure of liposomes. (A) Unilamellar liposomes contain a large aqueous core for storage

of water-soluble drugs. (B) Multilamellar liposomes are composed of multiple layers of
phospholipid groups for storage of lipid-soluble drugs between the hydrophobic tail groups
in each layer.
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Figure4.
Micelle structure. Micelles are composed of phospholipids, with hydrophilic head groups

forming the outer shell. Micelles encapsulate water-insoluble drugs in their hydrophobic
cores. Figure modified and used with permission from (Husseini and Pitt, 2008).
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Figureb5.
Dendrimer branch structure. Dendrimers are created by polymerization of a core monomer

to create a branched polymer structure. Each polymerized layer radiates from the core and
correlates to the generation of the dendrimer. Various surface functional groups may be used
to modify the surface charge of the dendrimer. Figure used with permission from
(Kaczorowska and Cooper, 2008).
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Figure6.
Structure of polymeric nanoparticles. (A) Polymer nanospheres are solid structures

composed of a polymer matrix. Drugs can be loaded into the matrix by absorption or
chemically conjugated to the surface. (B) Polymer nanocapsules are hollow structures
containing an outer polymer shell. Drug can be encapsulated in the core of nanocapsules
during formation or absorbed into the polymer shell. Figure modified and used with
permission from (Griffiths et al., 2010).
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Figure7.
Carbon nanotube structure. Carbon nanotubes (CNTSs) are hollow tubes composed of

graphene sheets. CNTs can be either (A) single-walled or (B) multi-walled.
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Table 1

Bioengineering design strategies to overcome physiologic barriers to targeted delivery

Barrier

Design Feature

Strategy

Opsonization and MPS

Hydrophobicity

Increase hydrophilicity.

Size

Decrease particle size (< 200 nm).

Extravasation

Surface charge

Use cationic particles to increase
extravasation and uptake.

Size

Tailor particle size to endothelial junction
size of tumor tissue (<200 nm, with enhanced
tissue penetration and retention at ~50-100
nm).

Drug uptake and release

Ligand conjugation

Conjugate ligands to particles that target
overexpressed receptors on malignant cells.
Use multiple ligands and oblique particles to
increase binding avidity.

Stimuli-responsive
element

Use pH, temperature, or enzyme responsive
polymers or linkers to trigger release.

Multidrug resistance

Particle
encapsulation

Encapsulate therapeutics using particles such
as micelles, liposomes, polymeric particles,
dendrimers, or carbon nanotubes.

Particle elimination

Biodegradable

Use biodegradable materials to avoid
accumulation in the liver and spleen.

Size

Particles <20 nm are excreted, while larger,
nondegradable particles accumulate in the
liver and spleen.
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