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2.1 Introduction

Therapeutic nanoparticle (NP) technologies have the potential to revolutionize the
drug development process and change the landscape of the pharmaceutical industry
[1-5]. By virtue of their unique physicochemical properties, nanoparticles have
shown promise in delivering a range of molecules to desired sites in the body.
Nanoparticle technologies may improve the therapeutic index of drugs by enhancing
their efficacy and/or increasing their tolerability in the body. Nanoparticles could
also improve the bioavailability of water-insoluble drugs, carry large payloads,
protect the therapeutic agents from physiological barriers, as well as enable the
development of novel classes of bioactive macromolecules (e.g., DNA and siRNA).
Additionally, the incorporation of imaging contrast agents within nanoparticles can
allow us to visualize the site of drug delivery or monitor the in vivo efficacy of the
therapeutic agent [6, 7]. Thus far, over two-dozen nanotechnology products have
been approved by the US Food and Drug Administration (FDA) for clinical use,
and many are under clinic and preclinic development [2, 8, 9]. Interestingly, the
majority of these clinically approved, first-generation nanotechnology products are
comprised of liposomal drugs and polymer—drug conjugates, which are relatively
simple and generally lack active targeting or controlled drug release components.
To develop safer and more effective therapeutic nanoparticles, researchers have
designed novel multifunctional nanoparticle platforms for cell/tissue-specific targeting,
sustained or triggered drug delivery, co-delivery of synergistic drug combinations,
etc. Among these functions, we believe that spatial and temporal controls in drug
delivery may be critical for the successful development of next-generation nano-
technology products [5].
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Fig. 2.1 Schematic presentation of passive vs. active targeting of nanoparticles. (i) Nanoparticles
extravasate through the leaky vasculature and preferentially accumulate through the EPR effect.
In this case of “passive targeting,” the drugs may be released in the extracellular matrix and diffuse
throughout the tissue for bioactivity. Some of these nanoparticles might also be taken up nonspecifi-
cally. (ii) After extravasation in the target tissue, the ligand-conjugated nanoparticles actively interact
with the receptors present on target cell or tissue, resulting in cellular uptake through receptor-medi-
ated endocytosis. This is referred as “active targeting.” (iii) The targeted nanoparticles can be equipped
for vascular targeting as well by incorporating ligands specific to endothelial cell surface receptors

Spatially controlled drug delivery can be obtained by conjugating drug-encapsu-
lated nanoparticles with targeting ligands, which could facilitate the preferential
delivery of nanotherapeutics to the sites of interest while reducing undesired side
effects elsewhere. Since the first description of cell-specific targeted liposomes in
1980 [10, 11], targeted nanoparticles have shown some promising clinical and pre-
clinical results in the treatment of different diseases. For tumor cell targeting, the
presence of targeting ligands could enhance cellular uptake and retention of drugs via
receptor-mediated endocytosis, although tumor accumulation through the enhanced
permeability and retention (EPR) effect [12] is largely determined by the physico-
chemical properties of nanoparticles and long circulation half-life (Fig. 2.1) [3].
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Active nanoparticle targeting is particularly essential for the delivery of biomacro-
molecules (e.g., DNA and siRNA) that require intracellular delivery for bioactivity
[3]. In the case of vascular endothelial targeting for oncology or cardiovascular
indications, ligand-mediated targeting may be critically important as nanoparticle
localization is not a function of EPR (Fig. 2.1) [13-15]. In addition, efforts have
been made to transport drugs across tight epithelial and endothelial barriers with
nanotherapeutics (e.g., the blood-brain barrier) via ligand-mediated transcytosis
[16]. More recently, targeted nanoparticles have been employed in solving the com-
plex problems of multidrug resistance [8].

Controlled release polymer technology, resulting in the temporal control of drug
exposure, has benefited virtually every branch of medicine over the past 4 decades.
Many products utilizing this technology are now in clinical use, including Atridox®,
Lupron Depot®, Gliadel®, Zoladex®, Trelstar® Depot, and Sandostatin® LAR [17].
Polymeric nanoparticles can encapsulate drugs and release them at sustained rates
in the optimal range of drug concentration, thus enhancing the in vivo therapeutic
efficacy, maximizing patient compliance, and facilitating the use of highly toxic,
poorly soluble, or relatively unstable drugs [17, 18]. In general, drug release can be
regulated by diffusion of the drug molecules through the polymer matrix or by dif-
ferential surface and bulk erosion of the polymer [19]. Alternatively, drug release
can be triggered by specific microenvironments in the body (e.g., changes in pH,
temperature, and enzymatic activities) or manipulated by external events (e.g., elec-
tric field, magnetic field, and ultrasound) [20-22]. By further functionalization with
targeting ligands, controlled release polymeric nanoparticles could deliver thera-
peutic agents in a spatiotemporally regulated fashion, which may be essential to
many medical applications.

In this chapter, we focus on the major classes of organic nanoparticle platforms
(i.e., liposomes, polymeric nanoparticles, lipid—polymer hybrid nanoparticles, and
dendrimers), their applications in targeted and/or temporally controlled delivery of
therapeutic molecules, and their optimal design for escaping immune surveillances,
as well as review the various available classes of ligands for targeted drug delivery
applications.

2.2 Nanoparticle Platforms for Targeted
and Temporal Delivery

Over the past few decades, different nanotechnology platforms were studied for
their use in therapeutic applications [8, 9]. These nanoparticle platforms have been
developed to enhance the pharmacological properties and therapeutic index of a
myriad of drugs [1, 23]. Herein, we discuss four major classes of organic nanopar-
ticle delivery systems, including liposomes, polymeric nanoparticles, lipid—polymer
hybrid nanoparticles, and dendrimers (Fig. 2.2), which can encapsulate drugs
with high loading efficiency and protect them from undesired effects of external
conditions [3].
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Fig. 2.2 Schematic representation of several major therapeutic nanoparticle platforms including
liposome, polymeric nanoparticles, lipid—polymer hybrid nanoparticles, and dendrimers for the
targeted and/or temporally controlled delivery of drugs

2.2.1 Liposomal Platforms

Liposomes are artificial, single, or multilaminar vesicles made with bilayered
membrane structures, composed of natural or synthetic amphiphilic lipid molecules
(Fig. 2.2a). As drug delivery carriers, liposomes exhibit several unique properties
including favorable safety profiles, long systemic circulation half-life, and ease of
surface modifications [24]. Among the clinically validated nanotechnology products,
liposomal drugs were the first nanotherapeutics to get FDA approval for clinical
use. Since the approval of DOXIL® (doxorubicin liposomes) for the treatment of
AIDS associated with Kaposi’s sarcoma in 1995 [9], several other liposomal drugs
have been approved for clinical use, and many are in the various stages of clinical
development, as shown in Tables 2.1 and 2.2. In addition to small molecule drugs,
liposome systems also allow for the delivery of bioactive macromolecules (e.g.,
DNA) for therapeutic applications [25]. For example, Allovectin-7, composed of
cationic lipid-based liposomes (DMRIE-DOPE), can carry plasmid DNA encoding
HLA-B7 and 2 microglobulin that stimulate both innate and adaptive immune
responses for cancer treatment [26].

Ligand-conjugated liposomes have also shown potential to enhance the thera-
peutic efficacy of drugs through targeted delivery. Three targeted liposomal systems
have already entered clinical trials. MCC-465, a PEGylated liposome, is tagged
with the F(ab'), fragment of the human monoclonal antibody GAH. Although this
product does not appear to have progressed through development after a Phase
I clinical trial, it has demonstrated superior cytotoxic activity against several human
stomach cancer cells [27]. Recently, a novel N-glutaryl phosphatidylethanolamine
(NGPE)-liposome formulation, MBP-426, which is conjugated to the human trans-
ferrin (Tf) ligand, improved the safety and efficacy of oxaliplatin through prolonging
the drugs circulation time and by specifically targeting Tf receptors on tumor cells
[28]. Another liposomal drug (SGT-53) also targets the Tf receptor on tumor cell
surfaces by using the ligand of the anti-Tf receptor single-chain antibody fragment
(Tf-R-scF ) for the delivery of the tumor suppressor gene p53 [8].

The significance of targeted liposomes is further highlighted by extensive preclinical
studies. For example, the monoclonal antibody 2C5 (mAb 2C5) recognizes intact
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nucleosomes (originating from apoptotically dying neighboring tumor cells), bound
to the surface of live tumor cells. Conjugation of mAb 2C5 to DOXIL liposomes
resulted in improved biodistribution and cell targeting and in increased drug efficacy
[29]. Liposomes carrying poly(ethylene glycol) (PEG) chains on their surface and
loaded with doxorubicin have been coupled with RGD peptides to target the integrins
of tumor vasculature and have demonstrated increased efficacy against C26 colon
carcinoma in murine model [30]. Folate-functionalized liposomes, encapsulating
fluorescent calcein and doxorubicin, and targeting the folate receptor (type-f3), have
been used for the treatment of acute myelogenous leukemia [31]. However, while
liposomes are commonly explored for drug delivery applications, they do not read-
ily allow for sustained release of therapeutic molecules, which marks a significant
shortcoming of this class of nanocarriers [32].

2.2.2 Polymeric Nanoparticles

Polymer—drug conjugates have made a significant clinical impact by improving the
pharmaceutical efficacy and dosing of a variety of already approved drugs [8, 33];
however, their drug loading efficiency may be limited by the number of conjugation
sites in the polymer, and most of them lack the ability of active targeting or control-
ling drug release. In order to further enhance the drug loading capacity and incorpo-
rate the spatial and/or temporal control over drug delivery, many biocompatible
polymeric nanoparticle platforms have been developed [34-36].

Polymeric micelles have attracted substantial attention for their remarkable
potential as therapeutic carriers [37]. Polymeric micelles can be formed by self-
assembly of amphiphilic polymers with two or more polymer chains of different
hydrophobicity. In aqueous environments, these block copolymers can spontane-
ously self-assemble into core-shell nanostructures, with a hydrophobic core and a
hydrophilic shell (Fig. 2.2b) [35, 37]. To date several polymeric micelles have
reached different stages of clinical development, and these systems have demon-
strated enhanced accumulation of therapeutic agents at the target site and/or reduced
adverse effects of therapeutic agents (Table 2.1) [9, 38]. Among them, NK911 [39]
and NK105 [40] utilize PEG-poly(aspartic acid) copolymer to carry and protect the
anticancer agents doxorubicin and paclitaxel, respectively. Notably, NK105 was
shown to reduce the reported adverse effects of paclitaxel, which include neurotox-
icity, myelosuppression, and allergic reactions [40]. A cisplatin-incorporated poly-
meric micelle-based system, NC-6004, is being examined in Phase I/II clinical trials
and has demonstrated several distinct features, including sustained cisplatin release,
promoted accumulation of cisplatin in cancer cells, and reduced nephrotoxicity and
neurotoxicity associated with cisplatin [41]. Another PEG-poly(glutamic acid)-
based polymeric micelle, NKO12, loaded with 7-ethyl-10-hydroxycamptothecin
(SN-38), has been shown to exert more potent antitumor activity against various
human tumor xenografts than irinotecan (CPT-11), a water-soluble prodrug of
SN-38 [42]. More impressively, the nontargeted polymeric micelle composed of
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poly(r-lactic acid) (PLA)-PEG (Genexol®-PM), for delivery of paclitaxel, was first
approved for cancer therapy in Korea in 2007 [8] and is currently being evaluated
in a clinical Phase II trial in the United States for the treatment of metastatic pancre-
atic cancer [43, 44].

The conjugation of polymeric nanoparticles with targeting ligands could also
enable drug delivery in a spatially and temporally controlled manner, which may
further enhance the therapeutic efficacy of drugs and reduce their toxic side effects.
Our group has pioneered the development of aptamer-targeted polymeric nanopar-
ticles and applied these nanoparticles to cancer therapy [14, 45-48]. For example,
we have developed A10 RNA aptamer-conjugated poly(lactide-co-glycolide)-
poly(ethylene glycol) (PLGA-PEG) nanoparticles that can recognize PSMA
(prostate-specific membrane antigen), expressed on the cancer cell surface [49].
This PLGA-PEG-aptamer nanoparticle can substantially reduce tumor growth in a
human prostate cancer tumor xenograft mouse model. More recently, we have
reported a strategy for precisely engineering PLGA-PEG-aptamer nanoparticles
with different biophysicochemical properties in a reproducible manner, whereby
enabling the systematic screening of the targeted polymer nanoparticles for optimi-
zation [50]. Building on these efforts, BIND Biosciences has developed a self-
assembled, targeted polymeric nanoparticle (BIND-014) and is currently evaluating
this nanotherapeutic candidate in Phase I/II clinical trials for the treatment of solid
tumors [51].

2.2.3 Lipid—Polymer Hybrid Nanoparticles

The success of polymeric nanoparticles and liposomes has also motivated the devel-
opment of lipid—polymer hybrid nanoparticles (Fig. 2.2c), which could integrate the
unique advantages of both polymeric nanoparticle and liposome systems, while
overcoming some of their limitations. Thus far, several important lipid—polymer
hybrid nanoparticles have been developed. For example, lipid-coated polymeric
nanoparticles comprising a PLGA core, a PEG shell, and a lipid monolayer at the
interface were recently described and characterized [13, 52-56]. The PLGA core is
capable of carrying poorly water-soluble drugs, while the PEG shell helps to
decrease biofouling and increase circulation half-life. The lipid monolayer that
resides at the interface between PLGA core and PEG shell acts as a molecular fence,
promoting drug retention and sustained release from the polymeric core [52, 56].
When compared to PLGA and PLGA-PEG nanoparticles, this lipid-coated PLGA
nanoparticle allows for higher drug encapsulation, tunable and sustained drug
release over a longer period of time, and excellent serum stability [56]. In another
example, a liposome-enveloped PLGA nanoparticle, known as “nanocell,” was
developed in a multistep manner for the effective treatment of cancers. The nanocell
has a PLGA core encapsulating the PLGA-conjugated anticancer drug doxorubicin,
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and a lipid multilayer shell containing the antiangiogenic agent, combretastatin.
The synergistic effect of the two drugs is obtained through temporally controlled
release, where combretastatin is first released to reduce vascularization, while the
sustained release of doxorubicin from the nanocell directly kills the tumor cells [57].

Lipid-coated polymeric nanoparticles, developed by Zhang et al., showed
enhanced uptake in prostate cancer cells overexpressing PSMA antigens when con-
jugated with A10 aptamer, as compared to nontargeted hybrid nanoparticles [56].
More recently, Wang et al. have applied A10 aptamer-targeted lipid—polymer hybrid
nanoparticles for the concurrent administration of a chemotherapeutic agent
(docetaxel) and a radiotherapeutic agent (111-indium or 90-yttrium), which demon-
strated higher level of cellular cytotoxicity, as compared to targeted nanoparticles
containing only a single agent or nontargeted nanoparticles [55]. For the treatment
of injured vasculature, Chan et al. developed a “nanoburr” system by conjugating
the lipid-coated PLGA hybrid nanoparticle with a novel peptide ligand, screened
from a combinatorial library of heptapeptide ligands against human collagen IV,
which represents 50% of the vascular basement membrane [13]. The peptide-
conjugated “nanoburr” demonstrated efficient targeting toward vascular basement
membrane, high nanoparticle accumulation in the region of injured vasculature in a
rat model, and sustained drug release over 2 weeks.

2.2.4 Dendrimers

Dendrimers are synthetic, branched macromolecules with a well-defined chemical
structure (Fig. 2.2d), consisting of an initiator core and multiple layers with active
terminal groups [9, 58]. Their specific molecular structure enables dendrimers to carry
various drugs via covalent conjugation to the multivalent surfaces or encapsulation in
the cavities of the cores through hydrophobic interaction, hydrogen bond, or chemical
linkage [59, 60]. Besides, dendrimers can also carry bioactive macromolecules such as
DNA by condensing them through electrostatic interactions [61]. The rigidity and the
density of the branched units of dendrimers affect drug release kinetics. By use of pH-
or enzyme-sensitive linkages, stimulus-responsive dendrimers can be generated [62].
Dendrimers are emerging as an important class of nanoparticle carriers for thera-
peutic delivery. For example, SPL7013 (L-lysine-based dendrimer) can be used in
delivering microbicide for prevention of HIV and other sexually transmitted infec-
tions (STI) [63]. Frechet et al. have developed a biodegradable polyester dentritic
drug delivery system with different architectures and molecular weights, for the
delivery of doxorubicin [64]. Dendrimers composed of poly(amidoamine) (PAMAM)
polymers have also been extensively investigated for the effective delivery of small
molecular drugs [65]. Besides, the cationic nature of PAMAM, dendrimers allow
them to effectively deliver macromolecular drugs such as DNA across cellular and
subcellular barriers (e.g., cell membrane and endosome) [66]. Attaching targeting
ligands to their surface could further enhance the potential of PAMAM dendrimers
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in drug delivery. A case in hand is a folate-conjugated, methotrexate-loaded
PAMAM(GS) dendrimer, which has demonstrated a tenfold reduction in tumor size
and exhibited less systemic toxicity, compared to free methotrexate [67].

2.3 Optimal Design of Nanoparticles

One significant challenge for the successful development of therapeutic nanoparticles is
rapid clearance during systemic delivery. When nanoparticles enter the bloodstream, the
particle surface may experience nonspecific protein adsorption (opsonization), thereby
making them more visible to phagocytic cells [67-69]. After opsonization, nanoparticles
could be rapidly cleared from the bloodstream through phagocytosis by the mononu-
clear phagocyte system (MPS) in the liver and by spleen filtration [70, 71]. Therefore,
the factors that could affect the clearance and biodistribution of nanoparticles, such as
particle physicochemical properties and targeting ligand functionalization [68], should
be carefully considered for the optimal design of therapeutic nanoparticles.

2.3.1 Size

On the basis of physiological parameters such as hepatic filtration, tissue extravasa-
tion/diffusion, and kidney excretion, it is clear that particle size plays a key factor in
the long circulation and biodistribution of nanoparticles. Nanoparticles smaller than
10 nm can be rapidly cleared by the kidneys or through extravasation, while larger
nanoparticles may have higher tendency to be cleared by cells of the mononuclear
phagocyte system (MPS also referred to as reticuloendothelial system, RES) [4].
For example, in vivo biodistribution results of polystyrene nanoparticles with con-
sistent composition and varying particle size of 50 and 500 nm showed higher level
of agglomeration of the larger nanoparticles in the liver [72]. Another study com-
pared different size ranges of PEGylated spherical nanoparticles (<100 nm, 100-
200 nm, and >200 nm) for protein absorption, nanoparticle uptake by murine
macrophages, and blood clearance kinetics [73]. It was observed that nanoparticles
<100 nm have a higher potential to circulate in the blood for long periods of time
and experience reduced hepatic filtration. Nanoparticle size also plays a key role in
tumor accumulation through the EPR effect. Several studies have tried to determine
the gap size in the leaky vasculature. For example, sterically stabilized liposomes of
100-600 nm were used for transvascular transport, and the cutoff size of the pores
was estimated to be 400-600 nm in diameter [74]. In another study, the pore cutoff
size was estimated to be between 7 and 100 nm at 34°C and was increased to
>400 nm at 42°C, allowing all nanoparticles tested (~7 nm albumin, and 100, 200,
and 400 nm liposomes) to be delivered to the tumor interstitium to some degree
[75]. Therefore, to capitalize on the EPR effect and to efficiently escape from the
physiological barriers, many studies advocate the optimal nanoparticle size range of
approximately 10-250 nm [68].
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2.3.2 Surface Charge

It has been established that the surface charge of nanoparticles also could affect
their uptake by the MPS cells. Neutrally charged particles have demonstrated much
lower opsonization rates than charged particles [76, 77]. It was found that positively
charged nanoparticles generate a higher immune response (complement activation
and conjugate activation) compared to neutral or negatively charged nanoparticle
formulations [53]. For example, nanoparticles with a primary amine at the surface
promote higher rates of phagocytic uptake when compared to those having sulfate,
hydroxyl, or carboxyl groups at the surface [53, 68]. In a review study, Davis et al.
have proposed that the optimal range of nanoparticle surface charge should be
between —10 and +10 mV for reduced phagocytosis and minimized nonspecific
interactions of nanoparticles [78].

2.3.3 PEGylation

Surface modification of nanoparticles with PEG, which has favorable intrinsic
physicochemical properties (e.g., high flexibility and hydrophilicity, and low toxicity
and immunogenicity), was found to reduce nanoparticle accumulation in off-target
organs such as liver and spleen [79]. A PEG shell on the nanoparticle surface shields
hydrophobic or charged particles from attachment by blood proteins, leading to
prolonged circulation half-life compared to non-PEGylated nanoparticles [25, 80].
The length, shape, and density of PEG chains on the nanoparticle surface largely
affect its surface hydrophilicity and phagocytosis [81]. For example, at low PEG
surface density, the PEG chains would be closer to the surface of the nanoparticle with
a “mushroom” configuration, while as the density increases, most of the chains are
extended away from the surface in a “brush” configuration, which decides the thick-
ness of the PEG shell on the nanoparticle corona [69]. It has been postulated that the
brush configuration would create more effective blocking or repulsion of opsonins
than the mushroom one [80]. In addition to PEG, some other promising hydrophilic
polymers are under investigation for the same purpose, including natural polymers
(e.g., heparin, dextran, and chitosan) and synthetic polymers (e.g., poly(amino acids),
poly(glycerols), poly(2-oxazolines), and some vinyl polymers) [79, 82].

2.3.4 Ligand Functionalization

The conjugation of targeting ligands to the surface of PEGylated nanoparticles has
also been shown to affect their biodistribution [83]. Although targeting ligands
could improve the cell- or tissue-specific delivery of nanoparticles, they may com-
promise the particle surface properties by masking the PEG layer and adversely
affecting the nanoparticles’ antibiofouling properties in vivo. Our recent study on
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the effect of ligand density has also revealed a relatively narrow window of ligand
density that could result in favorable tumor targeting, while minimizing nanoparti-
cle accumulation in the liver and spleen [50]. Thus, the successful development of
targeted nanoparticle technology for efficient drug delivery strongly depends on
striking a balance between cellular targeting and immune evasion.

2.4 Targeting Ligands

Despite their enormous potential for drug delivery, the translation of targeted nano-
particle systems has faced considerable challenges, and only a handful of candidates
have made it to clinical trials (Table 2.2). The reason targeted nanoparticles have
demonstrated limited success in clinical development is complex and could be mul-
tifaceted [3]. Among others, an essential aspect for the successful development of
targeted nanoparticles relies on the choice of targeting ligands. Several variables
that could be considered include ligand biocompatibility, cell specificity, binding
affinity, and purity of the ligand [84]. Other important factors that have to be taken
into account are the size and charge of the ligand molecule, and their ease of modi-
fication and conjugation to the nanoparticles. The choice of ligand, from a practical
perspective, is also dependent on production cost, scalability, and stability (e.g.,
organic solvent and high temperature stability) in mass production. In this section,
we discuss five different classes of targeting ligands, including antibodies and anti-
body fragments, aptamers, peptides, sugars, and small molecules.

2.4.1 Antibodies and Antibody Fragments

Antibodies and antibody fragments form an important class of targeting ligands
with a high degree of specificity for cellular receptors and a wide range of binding
affinities and have been extensively investigated in targeted drug delivery [85]. Over
the past 2 decades, the feasibility of antibody-based tissue targeting has been clini-
cally demonstrated with several different monoclonal antibodies (mAbs) approved
by the FDA [86]. The recent advances in hybridoma technology have led to the
development of chimeric, humanized, and fully human mAbs to reduce their immu-
nogenicity. The ability of engineered mAbs to target disease processes has been
demonstrated by the success of several monoclonal antibody therapeutics, including
cetuximab rituximab, trastuzumab, and bevacizumab [19]. mAbs have been used to
direct the nanoparticle carriers in a site-specific manner. For example, mAb-conjugated
PLA nanoparticles exhibited a sixfold increase in the rate of particle uptake com-
pared with nontargeted particles [87, 88]. Additionally, J591, a mAb against PSMA,
was conjugated to G5-PAMAM dendrimers and showed enhanced binding affin-
ity for LNCaP cells, as compared to nontarget PC3 cells [89]. Nevertheless, mAb-
conjugated nanoparticles encounter considerable challenges and limitations for drug
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delivery, since mAb are complex and large (~150 kDa) molecules and require
significant engineering at the molecular level to be effective [90, 91].

Compared to mAbs, antibody fragments have demonstrated higher potential for
the engineering of targeted nanoparticles as they are smaller in size and lack the
complement activation region of mAbs, while retaining the antigen binding speci-
ficity [92]. Recent advances in protein engineering have led to the development of
antibody fragments such as scFv (single-chain variable fragments), Fab (fragments
of antigen binding), their dimers (F(ab’), and diabody), and recombinant products
[93]. Some pioneering examples of antibody fragment-targeted liposomes (immu-
noliposomes) in clinical trials include MCC-465 that uses F(ab’), for the targeted
delivery of doxorubicin [28, 94] and SGT-53 that uses scFv to deliver tumor sup-
pressor gene, pS3 [95].

2.4.2 Aptamers

Nucleic acid aptamers are single-stranded DNA or RNA oligonucleotides with
well-defined, three-dimensional structures. Selected by systematic evolution of
ligands by exponential enrichment (SELEX), aptamers can recognize a wide variety
of molecules (e.g., proteins, phospholipids, sugars, and nucleic acids) with high
affinity and specificity [96-98]. This SELEX process uses the concepts of evolution,
diversification, selection, and replication, where a library of ~10'° random oligonu-
cleotides is enriched to identify specific aptamers that can specifically recognize the
target [97]. Aptamers identified through the SELEX process can be chemically syn-
thesized with minimal batch-to-batch variation in a fast and cost-effective manner.
When compared with antibodies, aptamers exhibit lower immunogenicity and a
relatively smaller size compared with ~150 kD for antibodies, which enables better
tissue penetration [99—101]. To further improve on their low serum stability, aptam-
ers can be modified by incorporating 2'-amino, 2'-fluoro, or 2'-O-alkyl nucleotides
in their backbone [102].

To date, more than 200 aptamers against a variety of biological targets have been
isolated, such as cell surface antigens, therapeutic targets, and various growth factors
like VEGF [103, 104]. Most notably, the FDA approved an aptamer against VEGF |,
known as Pegaptanib, for the treatment of age-related macular degeneration (AMD)
[105]. The PSMA-specific aptamers have been widely used for the targeted delivery
of quantum dots [106], gold nanoparticles [107], and polymeric nanoparticles [14,
46, 108]. We have recently tested A 10 aptamer-conjugated PLGA—PEG nanoparticles
for targeted drug delivery using prostate cancer model. These PLGA-PEG-Apt
nanoparticles can enhance the therapeutic effect of anticancer drugs and reduce
systematic toxicity when compared to nontargeted nanoparticles [109]. More
recently DNA aptamers, generated through cell-SELEX, have been conjugated with
different types of nanoparticles (e.g., magnetic and gold nanoparticles) for cancer
detection and treatment [110-112].
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2.4.3 Peptides

Peptide ligands have shown significant targeting potential because of their small
size, high stability, and relative ease of large-scale synthesis with excellent quality
control. The development of phage display techniques [113, 114] and other screen-
ing methods has enabled the discovery of new peptide-targeting domains and the
isolation of new cell-specific peptide ligands [115, 116]. Peptide-conjugated nano-
particles have been widely used for targeting cancer cells and tumor vasculature
[117, 118]. For example, the peptide SP5-52 can recognize tumor neovasculature,
while avoiding normal blood vessels in severe, combined immunodeficiency mice
bearing human tumors. The SP5-52 peptide-linked liposome has shown to greatly
enhance the therapeutic effect of doxorubicin, decrease the growth of tumor blood
vessels, and enable high survival rates among human lung and oral cancer-bearing
xenograft mice [119]. Recently, this system has been used to target non-small-cell
lung cancer (NSCLC) cells and demonstrated increased drug accumulation in tumor
tissues by 5.7-fold compared with free drugs [120].

In the case of targeting integrin receptors (e.g., a. f3, and a B,), short peptide
antagonists have been developed based on a 2-benzazepine Gly—Asp mimetic or
screened from an Arg—Gly—Asp-based (RGD) peptidomimetic library [121, 122].
For example, the cyclic version of the RGD motif has demonstrated effective bind-
ing toward integrins and has been extensively investigated in targeting nanoparticles
for disrupting tumor angiogenesis [123]. For intra-articular targeting and retention
in cartilage, the peptide ligand WYRGRL against collagen, type II, a1l (COL2A1)
was used in the targeted delivery of polymeric nanoparticles [15]. We have recently
screened specific targeting peptides against collagen, type IV of the basement mem-
brane and conjugated to lipid-coated polymeric nanoparticles for vascular wall tar-
geting [13].

2.4.4 Sugars

Specific sugar molecules (e.g., lactose, galactose, and mannose) can recognize
lectins that are overexpressed on the surface of numerous cancer cells [124, 125].
Thus, sugar molecules represent another interesting approach to specifically tar-
get nanoparticle systems to cancer cells. For example, galactose could recognize
the asialoglycoprotein receptor which is expressed on hepatocytes, and its high
expression is retained on primary liver cancer cells [125]. The galactosamine-
conjugated N-(2-hydroxypropyl) methacrylamide copolymers (HPMA) (PK2) is
currently under clinical evaluation for the treatment of primary liver cancer [8]. In
another study, lectin-mediated endocytosis of sugar-conjugated HPMA copoly-
mer conjugates in three different human colon cancer cell lines suggested their
potential use for targeted delivery of chemotherapeutics to colon adenocarcinoma
[126]. However, to compensate for the weak binding affinity of carbohydrates,
multiple or multivalent molecules should be conjugated to the surface of nanopar-
ticles to achieve multivalent interactions. In the case of galactosylated liposomal
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carriers, it was shown that the targeting efficacy depended on the galactose ligand
density [127].

2.4.5 Small Molecules

Small molecules have also attracted considerable attention as potential targeting
ligands due to their low molecular weights, low production costs, and easy conjuga-
tion with nanoparticles. The small size of this kind of targeting ligand allows the
functionalization of multiple ligand molecules on single nanoparticles. Folic acid,
which is essential in many metabolic processes for cell survival, has shown high
specificity in recognizing folate receptors that are overexpressed in many types of
tumor cells [128]. There are several examples of folate-conjugated nanoparticles in
drug delivery [129, 130], including liposomes, polymeric nanoparticles, and
dendrimers [67, 131-134]. These nanoparticles have demonstrated to be effective in
treating ovarian, breast, lung, renal, and colon cancers [135, 136]. However, immu-
nochemistry studies have shown overexpression of folate receptors in normal tissues
such as the placenta and kidneys as well, raising some concerns for the translation
of folate-targeted nanoparticles from bench to bedside.

The development of small molecule-targeting ligands that demonstrate a high
affinity and specificity toward cellular receptors has proven to be a challenging task.
One strategy to improve the targeting of small molecule-conjugated nanoparticles
is through multivalent binding effects, by conjugating multiple ligands on the nano-
particle surface. Another strategy is to select small molecules with high affinity and
specificity by using high-throughput screening methods. For example, using fluo-
rescent magnetic nanoparticles, Weissleder er al. have recently screened several
small molecular ligands from a library of 146 small molecules (<500 Da), which
can specifically bind to endothelial cells, activated human macrophages, and pan-
creatic cancer cells, respectively [137].

2.5 Conclusions

The application of nanoparticle technologies to drug delivery has demonstrated sig-
nificant impact on many areas of medicine. The approval of more than two-dozen
therapeutic nanoparticle products for clinical use has generated great enthusiasm in
both academia and industry, although these first-generation nanoparticle therapeutics
are relatively simple and only provide clinical benefits across a narrow range of clini-
cally validated drugs. Toward the development of next-generation nanoparticles, the
introduction of controlled release properties and targeting ligands is expected to
enable the development of safer and more effective therapeutic nanoparticles. With
continuous advances in identifying new biomarkers and associated targeting ligands,
and in engineering nanoparticle delivery systems with optimal biophysicochemical
properties, it will be increasingly feasible to develop targeted and controlled release
nanoparticle products as promising candidates for clinical translation.
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