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Preface

Significant progress in the fundamental understanding of cancer as well as its
detection and treatment has been made by both the research and clinical commu-
nities over the past several decades. As a result, the death rates of many cancers are
on the decline. However, despite tremendous efforts by many, much still remains to
be understood about this highly heterogeneous and complex disease, from why
cancers progress so differently in each individual patient to why each patient reacts
differently to cancer treatments. In order to effectively treat every patient, advanced
precision solutions are needed that can discern and contend with such heteroge-
neities, even those at the cellular and genetic levels. In order to give the patient the
best chance for survival, their cancer must be detected early, when it has not yet
metastasized, and treated using personalized options that are highly effective,
noninvasive, biocompatible, and targeted and that do not cause significant
unwanted immediate or long-term side effects. It would be ideal if such precision
therapeutics could induce cancer regression and at the same time track its effect on
the disease state in real-time. Many of the current solutions fall short of achieving
many of these requirements, leaving room for additional research and innovation by
scientists and physicians alike.

The field of nanoscience and technology is offering up myriad tools and mate-
rials that have the potential to dramatically impact cancer research, diagnostics, and
treatment. The chemical and physical properties of nanostructures are highly
dependent upon their size, shape, and composition. Therefore, the architecture of
nanostructures can be tuned during synthesis or via post-synthetic modification
techniques to produce materials with the desired properties for a given application,
biomedical or otherwise. Indeed, nanoconstructs are highly modular, allowing them
to be designed and synthesized with multiple functionalities in mind. This means
that a single nanoconstruct can be used as a modality for cancer therapy, detection,
and/or bioimaging tasks simultaneously. In addition, the small size of nanoparticles,
which puts them on the same length scale as many biological structures, grants
them privileged access to biological systems and tumor microenvironments, often
resulting in unique and potentially useful interactions with biological structures.
These and other factors have enabled nanostructures to be the cornerstones of new
technologies and processes that surpass traditional ones used for the study, detec-
tion, and treatment of cancer in terms of their capabilities and efficacies.
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A diverse array of nanostructures that have found application within the field of
biomedicine, specifically cancer research, detection, and treatment, are highlighted
in this book. Many of these nanostructures possess both inorganic and organic or
biological components; the properties of such structures are a synergistic combi-
nation of each and hence many possess theranostic (combined therapy and detec-
tion/imaging) abilities. For example, spherical nucleic acids (SNAs), which are
highlighted in Chapters “Nanoflares as Probes for Cancer Diagnostics” and
“Therapeutic Applications of Spherical Nucleic Acids”, are made by templating a
shell of highly oriented oligonucleotides on the surface of an organic or inorganic
nanoparticle (e.g., gold, silver, iron oxide, liposomes). These nanomaterials, which
can be made from one or more different types of oligonucleotides and modified with
fluorophores and other tracking entities, are revolutionizing aspects of the intra-
cellular detection and gene regulation arenas. Magnetic nanostructures (MNS,
Chapter “Theranostic Magnetic Nanostructures (MNS) for Cancer”), which can
possess cores comprised of iron, nickel, zinc, or cobalt, and nanodiamonds (NDs,
Chapter “Nanodiamond-Based Chemotherapy and Imaging”), which have carbon-
based cores, have been coated with a variety of small or polymeric molecules and
successfully used in drug delivery and magnetic resonance imaging (MRI), among
other areas. Lipid-based nanostructures (Chapter “Theranostic Lipid Nanoparticles
for Cancer Medicine”) have found use as imaging agents in computerized
tomography (CT) and positron emission tomography (PET), and they can also be
used in photothermal (PT) and photodynamic (PD) therapy applications. High-
density lipoprotein (HDL)-like nanostructures can be used to precisely target
lymphoma cells and to deliver a variety of therapeutic cargos, including small
molecule drugs and siRNA, in a highly specific manner (Chapter “Synthetic High-
Density Lipoprotein-Like Nanoparticles as Cancer Therapy”). Nanoparticles of
gold or iron are being used as radiosensitizers (Chapter “Radiosensitization and
Nanoparticles”) to enhance the effects of radiation on tumor cells via DNA damage
and hyperthermia. Finally, the porosities of hybrid particles that are comprised of
metal-organic frameworks (MOF) and polysilane moieties have been used as car-
riers for cancer imaging and therapeutic agents (Chapter “Hybrid Nanoparticles for
Cancer Imaging and Therapy”).

Many of these nanomaterials have found a unique place in biology and medi-
cine, and some are available in the marketplace. Spherical nucleic acid (SNA)
nanoconstructs (Chapters “Nanoflares as Probes for Cancer Diagnostics” and
“Therapeutic Applications of Spherical Nucleic Acids”) were first invented in 1996
and have since been commercialized extensively. Indeed, there are now over 1,800
products and a robust pipeline of therapeutic lead compounds that exist based upon
SNAs. For example, SmartFlares™, commercialized by EMD Millipore and
AuraSense, LLC, are changing the way circulating tumor cells (CTCs) are tracked
and studied by providing the only way to sort live cells based on intracellular
genetic and small molecule markers (Chapter “Nanoflares as Probes for Cancer
Diagnostics”); SNAs are also important lead structures for the treatment of cancers,
including those of the brain (glioblastoma multiforme) and skin (Chapter
“Therapeutic Applications of Spherical Nucleic Acids”). Likewise, nanodiamonds
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(Chapter “Nanodiamond-Based Chemotherapy and Imaging”), due to their unique
surface properties, are becoming a popular platform for theranostic and chemo-
therapeutic applications. These structures are currently being validated in nonhu-
man primate/large animal studies and the first in-human clinical trials are being
planned.

However, despite the almost limitless potential of nanostructures and the sig-
nificant progress that has been made thus far, many questions still remain. For
instance, intense research is currently being undertaken to understand how nano-
particles interact with biological environments, including cancer cells, from how
they pass through the tumor microenvironment (Chapter “Exploring the Tumor
Microenvironment with Nanoparticles”) and enter cancer cells to how they escape
from the endosome and are ultimately exocytosed (Chapter “How Nanoparticles
Interact with Cancer Cells”). One major consideration in this process is the nature
and formation of the “protein corona” (Chapter “Engineering the Nanoparticle-
Protein Interface for Cancer Therapeutics”), a protein accumulation layer that forms
on the surface of colloidal particles in biological environments, including blood and
serum. This corona can change the effective structure of the nanoconstruct, and
accordingly its behavior and interactions with biological systems important in
cancer research and treatment. So that the effect of each individual architectural
parameter on the system can be isolated, it is important to develop materials
that are truly “calibration-quality” (Chapter “Calibration-Quality Cancer
Nanotherapeutics”). The particle replication in non-wetting templates (PRINT®)
process is one method that can be used to fabricate polymer-based nanoparticles
with independent control over each particle parameter for this purpose.

Given the progress that has been made in the past ten years, we are optimistic
that the next decade will bring about more exciting advances in the area of cancer
nanotechnology. A growing number of nanostructures and processes will complete
the often lengthy and complicated US Food and Drug Administration (FDA)
approval phase (Chapter “Cancer Nanotherapeutics in Clinical Trials”) and enter
the clinic where they can be used to save lives and contribute positively to
humanity.

Evanston, IL Chad A. Mirkin
January 2015 Thomas J. Meade

Sarah Hurst Petrosko
Alexander H. Stegh
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Nanoflares as Probes for Cancer
Diagnostics

Pratik S. Randeria, William E. Briley, Alyssa B. Chinen,
Chenxia M. Guan, Sarah Hurst Petrosko and Chad A. Mirkin

Abstract

Patients whose cancer is detected early are much more likely to have a positive
prognosis and outcome. Nanoflares hold promise as a practical diagnostic
platform for the early detection of cancer markers in living cells. These probes
are based on spherical nucleic acid (SNAs) and are typically composed of gold
nanoparticle cores and densely packed and highly oriented oligonucleotide
shells; these sequences are complementary to specific mRNA targets and are
hybridized to fluorophore-labeled reporter strands. Nanoflares take advantage of
the highly efficient fluorescence quenching properties of gold, the rapid cellular
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uptake of SNAs that occurs without the use of transfection agents, and the
enzymatic stability of such constructs to report a highly sensitive and specific
signal in the presence of intracellular target mRNA. In this chapter, we will focus
on the synthesis, characterization, and diagnostic applications of nanoflares as
they relate to cancer markers.

Keywords

Gold nanoparticles � Spherical nucleic acids � Nanoflares � Cancer diagnostics �
Early stage cancer detection
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1 Introduction

For the past several decades, tremendous efforts have been made by many to battle
cancer, one of the leading causes of death in the United States and around the
world. Fortunately, as a result, the death rates for all cancers among men and
women of all major racial and ethnic groups are on the decline (rates for both sexes
combined decreased by 1.5 % per year from 2001 through 2010) [1]. The reduc-
tions in the death rates of four types of cancers (lung and bronchus, colon and
rectum, female breast, and prostate) account for more than two-thirds of this overall
drop. Notably, regular screening is routinely performed for all of these types of
cancers among high-risk populations, which appears to contribute significantly to
the falling numbers. According to one statistic, the five-year relative survival rate
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for an older female patient is 92 % if their breast cancer is diagnosed early, while it
is still in a localized stage. However, the same patient’s survival rate drops pre-
cipitously to 80 and 20 % if the cancer spreads to either regional or distant lymph
nodes, tissues, and organs, respectively. Similar trends have been observed for other
common cancer types. As a whole, the evidence points toward the fact that the
earlier and more accurately a patient’s cancer can be detected and diagnosed, the
more likely they are to survive.

Despite the obvious need for early and accurate cancer detection and diagnosis,
intense research in both the laboratory and the clinic is still needed to make this goal
a reality. Cancer is a highly heterogeneous disease [2–4]; hundreds of cancers exist,
and the levels of the disease indicators can vary widely from person-to-person.
Some cells within a tumor population may express high levels of dangerous
oncogenes, while others may express lower levels or none at all. Many of the
current diagnostic tools, including imaging modalities such as mammography and
computerized tomography (CT) and laboratory tests such as polymerase chain
reaction (PCR) and enzyme-linked immunosorbent assay (ELISA), interrogate bulk
samples; thus, many of these vital, subtle differences may not be able to be detected.
These analytical techniques are not designed to deal with sample heterogeneity.
Novel methods are needed to quickly and reliably detect ultra-low concentrations of
cancer markers, such as oncogenic RNA and proteins, and/or small numbers of
cancer cells (e.g., circulating tumor cells, cancer stem cells) in ways that are
minimally invasive to the patient so that accurate diagnoses of highly varied cancer
disease states can be made. Such tools might also be valuable from a research
standpoint as they could be used to learn more about the fundamental chemistry and
biology of cancer in ways that are impossible with current techniques.

Many nanotechnology-based systems, including those based on the detection of
genetic markers of cancer, are being developed and explored as a way to meet these
needs [5, 6]. Cancerous cells are endowed with invasive properties through the
unsilencing or overexpression of known oncogenes. Therefore, the ideal nanopar-
ticle probe would be one that enables the direct detection of gene expression at low
levels (i.e., low enough that they can be produced by a small number of malignant
cells in the early stages of the disease) in a quantitative fashion. Such constructs
would be able to enter any cell and interrogate intracellular genetic material without
altering the cellular environment (i.e., they could be used with live cells). The ideal
probe would recognize intracellular targets with very high specificity such that false
positives would be minimized, and it would enable single-cell resolution in order to
accurately analyze heterogeneous bulk samples. Further, such nanoprobes would be
stable against degradation in biological environments and would not cause cyto-
toxic effects, immunogenic reactions, or unwanted side effects. It would also be
advantageous if the construct could be used in the context of both single- and multi-
gene detection and potentially in theranostic applications that combine detection
and therapeutic schemes. One type of nanoprobe—the nanoflare [7], which is based
upon spherical nucleic acids (SNAs) [8]—is proving to fulfill many of these
requirements.

Nanoflares as Probes for Cancer Diagnostics 3



2 Spherical Nucleic Acids: Synthesis and Properties

SNAs are three-dimensional conjugates consisting of densely functionalized, highly
oriented nucleic acids covalently attached to the surface of a nanoparticle (Fig. 1) [8].
The core serves two purposes: (1) it imparts the conjugate with novel chemical and
physical properties, and (2) it acts as a scaffold for assembling and orienting the
oligonucleotides into a dense arrangement. The nucleic acid shell confers upon the
SNA many of its functional properties, including high cellular uptake in over 60
tested mammalian cell lines [9], resistance to enzymatic degradation [10], and action
without apparent cytotoxicity [11] or unintended immunogenicity [12]. In addition,
SNAs have significantly higher binding constants than linear nucleic acids of the
same sequence [13]. These structures are highly modular: the core composition and

Fig. 1 Structure of a spherical nucleic acid (SNA)—gold nanoparticle conjugate. (Reproduced
with permission from [8])

4 P.S. Randeria et al.



core size as well as the nucleic acid class and sequence can be tailored for the desired
application. Because of their modularity and biocompatibility, SNAs are a promising
candidate for gene detection and regulation in live cells.

2.1 Synthesis of SNAs

We will first describe how these constructs are synthesized. SNAs can be prepared
with inorganic cores (silver [14], gold [15], iron oxide [16], quantum dots [17],
silica [18], infinite coordination polymers [19]) or be coreless (cross-linked alkyne
polymers [20], liposomes [21]) in nature. However, SNAs with gold particle cores
are most commonly used in gene detection assays involving nanoflares because
gold is inert and has the ability to quench fluorescent molecules in a distance-
dependent manner [9]. Citrate-capped gold colloids can be synthesized using the
Frens method, where chloroauric acid (HAuCl4) is reduced by sodium citrate [22].
This well-established, solution-based method allows for the facile synthesis of
highly uniform gold colloids of a specific size ranging from 5 to 150 nm in diameter
[22]. The particle acts as a template for the subsequent attachment of nucleic acids
and thus plays an important role in determining the final size of the overall
nanostructure. Indeed, a core size must be chosen such that the SNA will be able to
enter cells and function appropriately once inside. To date, the most commonly
used SNAs for diagnostic applications have typically consisted of a 10–15 nm gold
cores [9] with thiol [23] or cyclic disulfide [24] attachments.

The oligonucleotides that make up the nucleic acid shell are typically 25–40
bases in length (7–12 nm) and can be composed of single- and double-stranded
DNA [10], short-interfering RNA (siRNA) [25], micro-RNA (miRNA) [26], RNA/
DNA hybrids [27], and modified nucleic acids such as peptide nucleic acids (PNA)
[28] and locked nucleic acids (LNA) [29]. Each oligonucleotide anchored to the
core is made up of three distinct regions: (1) an alkylthiol [23] or cyclic disulfide
[24] chemical tethering group that can be used to link the oligonucleotides to the
gold nanoparticle’s surface, (2) a recognition element (usually 15–25 base pairs in
length) that is complementary to the target biomolecule of interest, and (3) a spacer
region that can be modulated in length to tune the distance between the recognition
element and the nanoparticle surface. Because of the ability of nucleobases to
interact with the gold surface, it is necessary to extend the recognition element away
from the particle surface, giving it more free volume to interact with incoming
strands due to the curvature of the nanoparticle [30]. Poly-adenine (poly-A) or
oligo-ethylene glycol (OEG) are commonly utilized as spacers [31]. Poly-thymine
(poly-T) spacers are usually avoided for intracellular applications because of their
ability to interact with the poly-A tails of a variety of mRNA, diminishing the
sequence specificity of the SNAs.

To create a dense nucleic acid shell, the alkylthiol modified oligonucleotides are
first mixed in solution with the citrate-capped gold particles (Fig. 2). Thiol moieties
have a high affinity for gold; thus, the thiolated oligonucleotides displace the citrate

Nanoflares as Probes for Cancer Diagnostics 5



ions and adsorb onto the gold surface. To facilitate the formation of a dense
monolayer of oligonucleotides, monovalent counterions (such as sodium ions) need
to be slowly added into the mixture to screen the negative charges of the phosphate
backbones. One can control the number of strands that adsorb to the gold surface
(from 50 to 250 oligonucleotides per 15 nm particle) by varying the amount of
added sodium ions from 0.05 to 1.0 M and the spacer type to achieve a dense
multivalent nanostructure [31]. We will discuss the importance of tuning the oli-
gonucleotide density in the context of cellular entry as well as endogenous nucleic
acid binding in later sections. The three-dimensional architecture of the nucleic
acids around the gold core confers some unique and biologically attractive prop-
erties, which make SNAs desirable for high sensitivity intracellular detection
assays. These properties will be described in the next section.

2.2 Properties that Make SNAs Ideal as Intracellular
Diagnostic Probes

Unlike linear nucleic acids, SNAs have been shown to be capable of rapidly
entering many cell lines without complexation to carrier moieties, despite their
dense polyanionic shell (Fig. 3) [32, 9, 33]. Generally, negatively charged nucleic
acids require cationic moieties, such as lipoplexes, peptides, or viruses, to traverse
through the negatively charged cellular membrane. These transfection agents can be
harmful to cells and result in off-target effects, which may alter the expression of a
variety of genes in an uncontrollable manner [34]. In many detection assays, such
perturbations are significant enough to result in false-positive signals [34]. One does
not encounter this issue when using SNAs, as they do not require additional car-
riers. The dense, highly oriented array of nucleic acids on the surface of SNAs are
recognized by class A scavenger receptors (SR-A), allowing for their uptake into
cells in high quantities (on the order of 106/cell) as single entities via lipid

Fig. 2 Synthesis of SNA conjugates. Citrate-stabilized particles are incubated with alkylthiol-
functionalized oligonucleotides in water to form a low-density monolayer. By incubating the
nanoparticles in aqueous solutions with successively higher concentrations of salt (typically, 0.15–
1.0 M), a high-density spherical nucleic acid shell is formed. (Reproduced and modified with
permission from [8])
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raft-dependent, caveolae-mediated endocytosis [32]. We confirmed that this was the
primary mechanism of SNA uptake by demonstrating that uptake was reduced by
over 90 % when the SR-A levels of cells that normally took up SNAs in high
quantities were depleted via conventional viral vector-based siRNA knockdown
[32]. Further, our group found that the cellular uptake of SNAs scales with the
density of oligonucleotides adsorbed to the nanoparticle core; a higher number of
oligonucleotides loaded on the particle typically increase SNA entry into cells [35].

Upon entering cells, SNAs resist enzymatic degradation by nucleases [10] and
treated cells exhibit no apparent toxicity [9] or off-target effects [12]. Each of these
properties is necessary for the development of a nucleic acid detection platform that
can be used in live cells. Nature has engineered intracellular machinery, such as
nucleases to recognize and degrade exogenous DNA and RNA, rendering them
unable to perform their intended function to protect cells from foreign organisms.
Unlike free oligonucleotides, the SNA’s dense nucleic acid shell sterically resists
the binding of nucleases to individual oligonucleotides [10]. We have shown that
the salt cloud associated with SNAs that screen the negative charges of neighboring
strands also inhibits enzyme activity [36]. Cellular cytotoxicity is not observed after
72 h of treatment with SNAs [20], and the whole-genome expression profiles of
cells treated with SNAs did not show significant up- or down-regulation of genes
compared to untreated cells [37]. However, elevated cytotoxicity was observed with
linear nucleic acids of an identical sequence that were transfected into cells at
therapeutically necessary doses using a cationic lipoplex (DharmaFECT 1); changes
in 427 unintended genes were also observed (Fig. 4).

Fig. 3 SNA uptake into cells. The three-dimensional architecture of the SNA allows it to be
rapidly endocytosed via scavenger receptor-mediated endocytosis. Linear nucleic acids of the same
sequence are unable to enter cells without the use of transfection agents. (Reproduced and
modified with permission from [32]
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Once inside cells, an ideal intracellular probe for early stage cancer diagnosis
must also be able to detect gene expression at low levels. SNAs have significantly
higher binding constants for free complementary oligonucleotide strands than free
DNA of the same sequence (over 100 times higher) [13], indicating that these
structures are able to be utilized for sensitive diagnostic assays (Nanosphere, Inc.,
Northbrook, IL). This enhanced binding strength manifests itself as an increase in
the melting temperature, Tm, the temperature at which half of the complementary
strands in solution are dehybridized, as well as a decrease in the full width at half
maximum (FWHM) of the melting transition (Fig. 5). In one proposed mechanism,
the enhanced binding strength was found to be directly related to the high density of

Fig. 4 Intracellular properties of SNAs. Studies demonstrated that SNAs resist enzymatic
degradation (a), cause little cytotoxicity (b), and exhibit limited interference with normal cellular
behavior (c) compared to linear nucleic acids. (Reproduced and modified with permission from
[20, 36, 37])

Fig. 5 Complementary strands in solution have a higher binding constant when bound to SNAs
versus free linear nucleic acids of the same sequence. (Reproduced with permission from [13])
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DNA strands on and high local salt concentration around the nanoparticle surface
rather than the absolute amount of bound DNA [38]. Further, the high oligonu-
cleotide density on the SNA restricts the configurational microstates that can be
explored by individual strands and increases the binding constant of complementary
nucleic acids even more [38]. The increase in binding strength exhibited by the
SNAs in comparison to the free molecular probes directly translates into lower
limits of detection for target sequences, and it allows for the differentiation of fully
complementary and mismatched DNA targets that contain a single-nucleotide
polymorphism [39].

3 The Nanoflare: A Platform for Gene Detection
and Regulation in Live Cells

The unique characteristics of the SNA have allowed this platform to thrive in
numerous applications in biology and medicine. As a therapeutic agent, the na-
noconjugate can be delivered intravenously [40] or as a topical agent [37] without
toxicity or immunogenicity, enter most cells tested to date efficiently and in high
quantities [35], and regulate the expression of targeted genes; they have even been
found to cross the blood–brain and blood–tumor barriers [40]. Even so, the SNA
platform has shown the most immediate success as a gene detection and diagnostic
agent in an architecture known as the nanoflare. The nanoflare is an SNA-gold
nanoparticle conjugate functionalized with ssDNA or DNA/LNA hybrid sequences,
which are designed to be complementary to genes of interest (Fig. 6). These strands
are referred to as the recognition or antisense strands. A short internal comple-
mentary strand containing a terminal fluorophore is hybridized onto the antisense
strand. When bound in close proximity to the gold particle, the fluorescence of the
fluorophore is quenched. However, in the presence of an mRNA target comple-
mentary to the antisense sequence, the target forms a longer, more stable duplex and
displaces the shorter flare strand. Displacement of the fluorophore from the nano-
particle surface results in a “turn on” of a fluorescence signal proportional to the
concentration of the target transcripts. It should be noted that at higher

Fig. 6 a Schematic representation of sequence-specific recognition of target DNA using
nanoflares. b Fluorescence response of nanoflares alone (green), and nanoflares upon recognition
of target DNA (red) compared to noncomplementary DNA (blue). (Reproduced and modified with
permission from [7])
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concentrations, nanoflares have also been shown to bind to target mRNA and
inhibit translation of the corresponding protein [11]. The unique architecture of the
SNA allows the nanoflare to enter live cells and detect mRNA expression without
the significant disruption of cellular homeostasis, a result difficult to achieve with
other fluorescence-based RNA detection assays, such as those based on fluorescent
in situ hybridization (FISH) [41] or molecular beacons [42]. Furthermore, the
increased binding thermodynamics and selectivity of complement hybridization
exhibited by the SNA enable the nanoflare to attain extremely sensitive and specific
detection of polynucleotide targets [43]; so much so that in vitro the nanoflare has
been able to distinguish complementary targets from those with single nucleotide
polymorphisms (SNPs) [11].

4 Detection of Intracellular Oncogenes

In 2007, the nanoflare was first introduced as a promising platform for mRNA
detection in living cells. In a proof-of-concept experiment, nanoflares were utilized
to detect intracellular mRNA targets with single-cell resolution and without per-
turbing cell function. Such results cannot be attained with conventional mRNA
quantification techniques, such as real-time polymerase chain reaction (RT-PCR)
[44], and the nanoflare enables the profiling of cells based on their genetic content,
while preserving their viability for further analysis (vide infra). Since the com-
pletion of this work, nanoflares have been commercialized by EMD Millipore and
sold under the trade name SmartFlare™, with over 1700 genetically unique versions
of these constructs currently available in over 230 countries [45].

4.1 Fluorescence Response to Target Oligonucleotides
in Extracellular Conditions

To investigate the ability of nanoflares to detect oncogenes in a breast cancer cell
model, a type of nanoflare-targeting survivin, an anti-apoptotic gene that is
upregulated in a range of cancer types, was designed [7]. Prior to their use in cells,
nanoflares were tested in extracellular conditions with synthetic DNA targets to
confirm the sequence specificity of the release of the fluorophore-labeled DNA flare
strands upon target recognition and binding. Specifically, upon incubation with
target DNA, the Cy5 fluorescence of survivin nanoflares was enhanced 3.8-fold. In
contrast, the fluorescence signal did not change in the presence of a noncomple-
mentary DNA strand (Fig. 6). Taken together, these results demonstrate that
nanoflares efficiently signal the presence of target oligonucleotide in a sequence-
specific manner. This capability is vital to the use of nanoflares as intracellular
mRNA detection probes.
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4.2 Uptake and Fluorescence Response in Cell Culture

Based on their ability to enter cells without additional transfection reagents,
nanoflares can be used in cell culture models. This was first demonstrated in
SKBR3 cells, a human breast cancer model that expresses high quantities of the
survivin mRNA transcript [46]. As a control, noncomplementary nanoflares that did
not recognize the survivin transcript were designed to have similar background
fluorescence, melting properties, and signaling ability as the targeting probe. Cul-
tured SKBR3 cells were treated with either survivin-targeting or noncomplementary
nanoflares, and imaged by confocal microscopy (Fig. 7). A control cell line, C166
mouse endothelial cells [7], that does not express human survivin, was also treated
with nanoflares and imaged. The fluorescence of SKBR3 cells treated with survivin
nanoflares was significantly higher than those treated with noncomplementary
nanoflares. In addition, there was no distinguishable difference in the fluorescence
of C166 cells treated with either survivin or noncomplementary nanoflares. These
results demonstrate the use of nanoflares to qualitatively profile cells for the
expression of an important oncogene, survivin.

In order to quantify the intracellular fluorescence signal from nanoflares, ana-
lytical flow cytometry was used. In addition to signal quantification, flow cytometry
allows for the collection of data from a larger population of cells than practically
attainable using microscopy. Cells that were treated with nanoflares were observed
as a uniform population of fluorescent cells, consistent with the high cell penetration
(>99 %) that is observed with SNAs (Fig. 7) [10]. The SKBR3 cells treated with
survivin-targeting nanoflares were 2.5 times more fluorescent than those treated
with noncomplementary nanoflares. In addition, as seen in the microscopy analysis,
C166 cells treated with either survivin-targeting or noncomplementary nanoflares
displayed low fluorescence. These results demonstrate the nanoflare’s capability of
distinguishing cancerous cell populations based on the expression of an mRNA
target of interest.

Fig. 7 Fluorescence microscopy (top) and flow cytometry data (bottom) for SKBR3 (breast
cancer, left two) and C166 (healthy mouse endothelial, right two) cells following treatment with
survivin or noncomplementary nanoflares. (Reproduced and modified with permission from [7])
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5 Concomitant Detection of Multiple Targets:
Multiplexed Nanoflares

Cancers are highly heterogeneous and intricate, and in such disease states, multiple
genes can be up- and/or down-regulated concurrently. The original nanoflare
architecture only allowed for the detection of a single mRNA’s expression level. To
target more than one gene, multiple, individual nanoflares would need to be
designed and synthesized, significantly increasing the complexity of the system.
Thus, to make the nanoflare more relevant as a diagnostic probe for diseases like
cancer, its architecture was modified such that a single probe could be used to detect
multiple mRNA expression profiles simultaneously. This modified architecture has
been termed the multiplexed nanoflare. While our group pioneered the idea of the
multiplexed nanoflare by showing that a single probe could be used to identify two
independent mRNA expression profiles [47], other groups have since shown that
three and four transcripts can also be detected simultaneously [48, 49].

While the original nanoflares were made by anchoring a single type of recog-
nition strand to the gold core, the multiplexed nanoflares are synthesized by
functionalizing multiple antisense sequences onto the same particle. As a proof-

Fig. 8 The addition of DNA targets complementary to each flare (green and red) to multiplexed
nanoflares, individually, caused the increase in fluorescence intensity of each flare on the Cy5 and
Cy3 channels, respectively. (Reproduced and modified with permission from [47])
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of-concept, our group developed multiplexed nanoflares that can recognize actin
and survivin mRNA sequences (Fig. 8). Specifically, equimolar concentrations of
actin and survivin recognition sequences were functionalized onto the particles and
then hybridized with flare strands bearing Cy3 and Cy5 fluorophores, respectively.
Therefore, in the presence of survivin mRNA, the probes are designed to release the
Cy3 flares, and in the presence of actin, the probes are designed to release the Cy5
flares. To test the specificity of flare release, actin and survivin target DNA were
incubated with the multiplexed nanoflares for 1 h at 37 °C, and Cy3 and Cy5
emission fluorescence spectra were collected. The Cy5 channel showed an increase
in fluorescence only in the presence of actin target DNA, and the Cy3 channel
showed an increase only in the presence of the survivin target, confirming that the
flares are released in a sequence-specific manner (Fig. 8).

5.1 Confocal Measurement of Survivin and Actin Gene
Expression in Live Cells

To determine if these constructs could distinguish the cellular expression levels of
actin and survivin simultaneously, multiplexed nanoflares were added to HeLa
cells, a cell line known to contain high levels of both actin and survivin, that were
pretreated with either actin siRNA or survivin siRNA (Fig. 9). This way, one set of
cells would have a high level of survivin mRNA present and low level of actin
mRNA, while the other set of cells would have the opposite ratio. A decrease in
Cy3 fluorescence (Fig. 9 red, left panel) was seen when the survivin expression was
knocked down using survivin-targeted siRNA as measured by flow cytometry and
confocal microscopy; the fluorescence in the Cy5 actin (Fig. 9 green, left panel)
channel remained constant. A decrease in Cy5 fluorescence intensity (Fig. 9 green,
right panel) was observed when the cells were treated with actin-targeted siRNA
and multiplexed nanoflares; a significant change was not seen in the Cy3 survivin
(Fig. 9 red, right panel) channel. These data demonstrated that the multiplexed

Fig. 9 The fluorescence intensity of cells treated with multiplexed nanoflares changes as a
function of intracellular gene expression, as seen by confocal microscopy. (Reproduced and
modified with permission from [47])
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nanoflares were able to enter live cells and release two different types of flares with
a high level of specificity.

5.2 Increase in Signal-to-Noise Ratio

Due to cell-to-cell variations in nanoflare uptake, the fluorescence intensities of
different cells treated with the same single-target nanoflare probes typically have a
wide distribution. However, when the expression of a widely abundant control gene
is also monitored as a reference gene in the same cell through the use of multiplexed
nanoflares, the extent of cell-to-cell variability can be compensated for. Specifically,
when the fluorescence of survivin-Cy3 was normalized to that of actin-Cy5, the
standard deviation in the fluorescence signal as monitored by flow cytometry
decreased tenfold (Fig. 10a). This increase in the signal-to-noise ratio considerably
improves the sensitivity of multiplexed nanoflares, and it has allowed for cells with
differential survivin expression to be sorted using flow cytometry (Fig. 10b).

5.3 Quantification of mRNA Expression Using Multiplexed
Nanoflares

The sensitivity of multiplexed nanoflares can also be applied to quantify relative
mRNA expression. Multiplexed nanoflares were applied to cells with decreasing
amounts of survivin expression (as a result of transfecting increasing amounts of
survivin-targeting siRNA). A decrease in relative survivin expression, as deter-
mined by RT-PCR, strongly correlates with decreasing nanoflare fluorescence as
determined by flow cytometry analysis (Fig. 10c). This study enforces the idea that
multiplexed nanoflares can quantitatively determine relative gene expression inside

Fig. 10 Quantitative and qualitative determination of mRNA expression in live cells. a The
detection of intracellular survivin mRNA was performed with traditional nanoflares and
multiplexed nanoflares. The ratio of survivin to actin was expressed for each system. The cell-
associated fluorescence intensities were measured in HeLa cells using flow cytometry and
presented as histograms. b In a similar experiment, the multiplexed nanoflares were used to
compare the ratio of survivin to actin expression in HeLa and Jurkat cells. c The expression of
survivin mRNA was measured as a function of survivin siRNA delivered by both the multiplexed
nanoflare and RT-PCR. (Reproduced and modified with permission from [47])
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live cells, while also allowing one to differentiate between cell populations based on
their genetic profiles.

6 Detection and Isolation of Live Circulating Tumor
Cells from Whole Blood

Since nanoflares exhibit high cellular uptake, enhanced resistance toward nuclease
degradation, and do not cause observable cytotoxicity, they are uniquely suited for
the detection and isolation of circulating tumor cells (CTCs). Alternative methods
to detect CTCs rely on the recognition of certain cell surface proteins, including
EpCAM, thus they are ineffective in cell populations that do not express significant
levels of such proteins [50, 51]. In addition, these methods are not able to distin-
guish single-cell genetic profiles amongst heterogeneous cancer cell populations,
limiting their ability to accurately predict metastatic potential. To overcome these
challenges, nanoflares were designed to target markers of the epithelial-to-mesen-
chymal transition (EMT), an integral part of cancer metastasis, and were used for
the capture of live circulating breast cancer cells [52]. This approach provides an
unprecedented opportunity to isolate cancer stem cells based on the presence of
genetic markers and may improve cancer diagnosis and prognosis.

6.1 Nanoflares Targeting Markers of the Epithelial-to-
Mesenchymal Transition

Vimentin, an intermediate filament protein, and fibronectin, an extracellular matrix
protein, are often expressed in cancerous cells undergoing the EMT. Thus, nano-
flares were designed to target these two oncogenes, and then tested in a model
metastatic breast cancer cell line, MDA-MB-231, using analytical flow cytometry.
As a control, healthy epithelial mammary cells, HMLE, were used. Low fluores-
cence was observed in HMLE cells treated with the noncomplementary control,
vimentin, and fibronectin nanoflares. In contrast, the fibronectin nanoflare-treated
MDA-MB-231 cells were 6 times more fluorescent and the vimentin nanoflare-
treated MDA-MB-231 cells were 8 times more fluorescent compared to those
treated with the noncomplementary control (Fig. 11).

6.2 Recovery Yield of Model Circulating Tumor Cells
Isolated from Whole Blood

Based on the ability of vimentin and fibronectin nanoflares to distinguish epithelial
cells from metastatic cancer cells, we next sought to identify and isolate circulating
tumor cells. mCherry cDNA was expressed in MDA-MB-231 cells to provide an
orthogonal method of tracking the cells, and a known number of these cells was
spiked into human whole blood from a healthy volunteer. Samples of this blood were
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treated with vimentin, fibronectin, or noncomplementary control nanoflares. Red
blood cells and peripheral blood mononuclear cells were depleted using a CD45
immunomagnetic separation and a Ficoll gradient, and the samples were resus-
pended in a cell culture medium (Fig. 12). The samples were then analyzed by flow

Fig. 11 Vimentin-targeting and fibronectin-targeting nanoflares tested in noncancerous epithelial
mammary cells, HMLE, and metastatic breast cancer cells, MDA-MB-231. (Reproduced with
permission from [52])

Fig. 12 Schematic representation of isolation of model circulating tumor cells doped into human
whole blood
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cytometry for both mCherry and Cy5 nanoflare fluorescence to determine the
recovery yield of MDA-MB-231 cells that were doped into the blood samples
(Fig. 13). In samples treated with the vimentin or fibronectin nanoflares, over 99 %
of cells showing high mCherry fluorescence also showed a strong nanoflare fluo-
rescence signal. Additionally, the vimentin nanoflare and fibronectin nanoflare
provided a 4- and 3.5-fold fluorescent enhancement, respectively, over the non-
complementary scrambled nanoflare. On average, treatment with nanoflares yielded
a recovery rate of approximately 68 ± 14 % of the mCherry MDA-MB-231 cells that
were added, which is consistent with commercially available methods of circulating
tumor cell isolation that employ a densitometric enrichment step, such as a Ficoll
gradient [53]. Importantly, nanoflares were able to detect as few as 100 mCherry
MDA-MB-231 cells that were doped into the whole blood samples. These results
demonstrate the ability of the nanoflares to survey the metastatic potential of cells in
the blood stream, and nanoflares provide a means for clinicians to track therapeutic
efficacy throughout a treatment plan on an individual patient basis.

6.3 Isolation and Characterization of Circulating Tumor
Cells from a Mouse Xenograft Model of Human
Metastatic Breast Cancer

An orthotopic model of triple-negative breast cancer with widespread metastases to
several organs was used to test the ability of the nanoflare to detect circulating
tumor cells in a murine model. Blood samples were obtained 6 weeks following

Fig. 13 Recovery of model circulating tumor cells doped into human whole blood. (Reproduced
with permission from [52])
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tumor inoculation with mCherry-labeled MDA-MB-231 cells and were treated with
vimentin, fibronectin, or noncomplementary scrambled nanoflares. Samples were
processed to remove red blood cells and peripheral blood mononuclear cells and
analyzed for mCherry and nanoflare fluorescence using flow cytometry (Fig. 14).
Samples treated with vimentin or fibronectin nanoflares exhibited high mCherry
fluorescence and also showed a significant nanoflare fluorescence signal, with
greater than 90 % of the mCherry MDA-MB-231 cells also exhibiting strong
nanoflare fluorescence. The vimentin nanoflare and fibronectin nanoflare showed a
1.5- and 1.25-fold fluorescent enhancement relative to a noncomplementary
scrambled nanoflare, respectively. Based on this, the nanoflares were able to isolate
circulating mCherry MDA-MB-231 cells derived from an orthotopic murine model
of metastatic triple-negative breast cancer based on genetic markers, reinforcing the
potential use of nanoflares in cancer diagnostics and patient prognostics. This
advance may be valuable in the design of better cancer treatment plans that are
adjusted after observing the changes in the metastatic potential of cells from patient
blood in response to therapy.

6.4 Isolation and Characterization of Seeded Recurrent
Cells in Human Blood

The nontoxic nature of the nanoflare provides a unique opportunity to isolate live
circulating tumor cells, which could allow further analysis of the cancer population.
To investigate this capability, cells were doped into human blood, isolated using
nanoflares, and further cultured. A GFP-expressing recurrent cell line isolated from
tumors in a HER2 mouse model of breast cancer was chosen. Cells retrieved using
nanoflares were GFP positive, and formed mammospheres (Fig. 15), spherical
clusters formed by cancer stem cells, indicating that cells originally spiked into the
blood sample were successfully retrieved and that they remained viable after iso-
lation. These results suggest that it may also be possible to isolate and further
culture live circulating tumor cells from human patients, providing the opportunity
to study cancer cell homogeneity and its relation to patient outcomes.

Fig. 14 Isolation of circulating tumor cells from an orthotopic mouse model of triple-negative
breast cancer. The cancerous MDA-MB-231 cells are represented by the red dots and the
noncancerous cells are represented by the black dots. (Reproduced with permission from [52])
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7 Conclusion

This chapter highlights the remarkable progress that has been made in the appli-
cation and translation of the SNA nanoconstruct and the SNA-based nanoflare to
research and clinical settings. In many ways, the nanoflare is an ideal probe,
enabling the highly sensitive and selective intracellular detection of target genes
with little undesired impact on the cellular environment. Thus, they offer tremen-
dous potential in cancer research and treatment, among other fields. Indeed, in the
seven short years since their inception, nanoflares have formed the basis for the
founding of one company, AuraSense (Skokie, IL) and its commercialization of
thousands of SmartFlare™ constructs (through partnership with EMD Millipore) for
a variety of research purposes. Although herein the nanoflare’s usage in animal and
human samples involving breast cancer was emphasized, because of the tailorability
of the SNA structure and its unique chemical and physical properties, such nano-
structures could theoretically be used to detect and analyze any disease with a
genetic basis, including most forms of cancer. Indeed, the discovery of nanoflares
and their subsequent development for use in such applications have marked a

Fig. 15 a, b Culture of recovered recurrent HER2 tumor cells isolated from whole blood resulted
in the formation of mammospheres. c, d These cells were isolated using either a noncomple-
mentary control nanoflare or a vimentin-targeting nanoflare, with nanoflare fluorescence
significantly enhanced for samples treated with vimentin nanoflares. (Reproduced with permission
from [52])
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paradigm shift from detecting protein markers on CTCs to nucleic acid markers
within CTCs. Future work centers on continuing to explore this possibility, carrying
the nanoflare through to clinical trials and using the construct to elucidate funda-
mental aspects of cancer biology and genetics. Our hope is that the rapid imple-
mentation of the nanoflare architecture enables the lives of many to be improved or
saved.
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Therapeutic Applications of Spherical
Nucleic Acids

Stacey N. Barnaby, Timothy L. Sita, Sarah Hurst Petrosko,
Alexander H. Stegh and Chad A. Mirkin

Abstract

Spherical nucleic acids (SNAs) represent an emerging class of nanoparticle-
based therapeutics. SNAs consist of densely functionalized and highly oriented
oligonucleotides on the surface of a nanoparticle which can either be inorganic
(such as gold or platinum) or hollow (such as liposomal or silica-based). The
spherical architecture of the oligonucleotide shell confers unique advantages
over traditional nucleic acid delivery methods, including entry into nearly all
cells independent of transfection agents and resistance to nuclease degradation.
Furthermore, SNAs can penetrate biological barriers, including the blood–brain
and blood–tumor barriers as well as the epidermis, and have demonstrated

Stacey N. Barnaby and Timothy L. Sita contributed equally to this work.

S.N. Barnaby � S.H. Petrosko � C.A. Mirkin (&)
Department of Chemistry, Northwestern University,
2145 Sheridan Road, Evanston, IL 60208, USA
e-mail: chadnano@northwestern.edu

S.N. Barnaby � T.L. Sita � S.H. Petrosko � A.H. Stegh (&) � C.A. Mirkin
International Institute for Nanotechnology, Northwestern University,
2145 Sheridan Road, Evanston, IL 60208, USA
e-mail: a-stegh@northwestern.edu

T.L. Sita � C.A. Mirkin
Interdepartmental Biological Sciences Program, Northwestern University,
2205 Tech Drive, Evanston, IL 60208, USA

A.H. Stegh
Ken and Ruth Davee Department of Neurology, The Northwestern Brain Tumor Institute,
the Robert H. Lurie Comprehensive Cancer Center, Northwestern University,
303 East Superior, Chicago, IL 60611, USA

© Springer International Publishing Switzerland 2015
C.A. Mirkin et al. (eds.), Nanotechnology-Based Precision Tools for the Detection
and Treatment of Cancer, Cancer Treatment and Research 166,
DOI 10.1007/978-3-319-16555-4_2

23



efficacy in several murine disease models in the absence of significant adverse
side effects. In this chapter, we will focus on the applications of SNAs in cancer
therapy as well as discuss multimodal SNAs for drug delivery and imaging.
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1 Introduction

Nucleic acid-based therapeutic agents typically consist of short strands of oligo-
nucleotides that are capable of performing gene regulatory functions. The DNA and
RNA comprising such therapeutics can be customized to selectively silence any
mutated or deregulated genes, thus offering tremendous potential as tools for pre-
cision medicine, where patient-specific treatments are designed to address the
genetic basis underlying an individual patient’s disease [1, 2].

Nucleic acid-based therapeutics can be primarily divided into two categories:
those that are comprised of double-stranded RNA (dsRNA) molecules that function
via the RNA interference (RNAi) pathway and those that consist of single-stranded
DNA molecules that act as antisense oligonucleotides (ASO). Both types can
interfere with mRNA molecules to silence protein expression, and many of these
structures have been extensively investigated in clinical trials for cancer, hereditary
disorders, heart disease, inflammatory conditions, and viral infections [3–6].
The mechanisms of action of these two types of oligonucleotide-based therapeutics
differ as described briefly below (for additional information see [7] (for
RNAi-based gene silencing) and [8] (for ASO-based silencing)).
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1.1 Antisense Oligonucleotides (ASOs)

ASOs can inhibit protein translation via either a steric blockade of translation or the
recruitment of the endonuclease RNase H [8, 9]. The former method involves
sequence-specific binding of ASOs to target mRNA in the cytoplasm, thereby
preventing ribosomal translation of the mRNA (Fig. 1a). The latter mechanism
involves RNase H-dependent cleavage, in which RNase H recognizes an RNA–
DNA heteroduplex, selectively cleaves the RNA strand, and releases the intact
DNA strand [10]. The intact DNA strand can then engage additional target mRNAs
and recruit RNase H, enhancing its potency.

1.2 The RNA Interference (RNAi) Pathway

Fire and Mello first reported the discovery of RNAi-based gene silencing in Cae-
norhabditis elegans in 1998. This discovery later earned them the Nobel Prize in
Physiology or Medicine in 2006 [11]. The RNAi pathway was then established in
mammalian cells by Tuschl and colleagues, prompting rigorous development of
RNAi-based therapeutics to battle diseases previously considered “undruggable” by
traditional pharmaceutical approaches (i.e., small molecules and biotherapeutic
antibodies) [12–15]. The RNAi pathway is activated by the presence of dsRNA in the
cytoplasm (Fig. 1b) [16–18]. Dicer, a cytoplasmic endoribonuclease, cleaves longer
dsRNA into small interfering RNA (siRNA) or microRNA (miRNA) segments,
which are typically 21–23 nucleotides in length. The “antisense” or “guide” strands
of siRNA or miRNA segments are then recognized and loaded into the RNA-induced

Fig. 1 Different mechanisms of intracellular action of antisense oligonucleotides (ASOs) and
small interfering RNAs (siRNAs). a Mechanism of action for ASOs, which bind complementary
mRNA and cause inhibition of translation or recruit RNase H to cleave the RNA moiety within an
RNA–DNA duplex; b Mechanism of action for siRNAs, which includes formation of the RNA-
induced silencing complex (RISC) and subsequent degradation of target mRNA
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silencing complex (RISC), while the “sense” or “passenger strands” are degraded.
This activates the RISC complex, leading to Watson-Crick base pairing of com-
plementary target mRNA. Once the target mRNA is bound, its expression can be
modified by distinct mechanisms, depending on the biological context. In siRNA-
based RNAi, Argonaute 2 (Ago2, an RNA endonuclease in the RISC complex)
subsequently cleaves the target mRNA, thereby inhibiting its translation. The RISC
complex is recycled and thus cleaves mRNA continuously, resulting in persistent
knockdown lasting between 3 and 7 days in dividing cells and up to 3–4 weeks in
nondividing cells [19]. In miRNA-based RNAi, multiple mechanisms of silencing
are possible, including repression of protein translation and/or deadenylation of
target mRNA subsequently leading to its degradation [7, 20].

1.3 Challenges for Oligonucleotide Drug Delivery

Despite these cellular mechanisms that allow for highly specific therapeutic
manipulation of genetic expression, a number of barriers to effective delivery are
encountered when nucleic acids are systemically injected, limiting their utility
in vivo. Unmodified oligonucleotides experience rapid renal clearance, are subject
to cleavage by RNases and DNases in serum, and display inefficient uptake by
target tissues. Additionally, unmodified oligonucleotides do not efficiently cross the
cell membranes and have been shown to trigger a cellular immune response [21–
23]. These in vivo barriers to oligonucleotide delivery have slowed the translation
of nucleic acid-based therapeutics to the clinic and mandated the use of oligonu-
cleotide-carrier systems, such as polymers/polyplexes [24, 25], dendrimers [26],
and lipids [27, 28]. Notably, each of these systems has their own safety concerns
and delivery limitations [29]. Nanomaterial-based systems have emerged as
potential therapeutic agents for delivering oligonucleotides to cells, and early
experiments have shown their great promise [30–32]. Among nanomaterials,
spherical nucleic acids (SNAs; Fig. 2) represent an attractive class of single-entity
agents, where therapeutic oligonucleotides that can be designed and synthesized to
function through either the RNAi or antisense pathway; and these structures are the
focus of this chapter.

1.4 Spherical Nucleic Acids (SNAs)

SNAs, typically composed of densely functionalized and highly oriented nucleic
acids on nanoparticle cores, represent an emerging class of therapeutics for dis-
eases, including many forms of cancer, because they are capable of overcoming the
limitations of traditional oligonucleotide delivery methods and provide an alter-
native path to gene regulation (Fig. 3) [33, 34]. SNAs are single-entity agents that
exhibit unique chemical and physical properties in biological environments. They
are readily taken up by almost any type of cell (over 60 tested to date) in high
quantities without the use of ancillary transfection reagents (>106 nanoparticles per
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cell) [35] through caveolae-mediated endocytosis initiated by recognition through
class A scavenger receptors (SR-A) [36, 37]. They elicit a minimal immune
response (i.e., 25-fold reduced immune response compared to delivery by cationic
carriers) [38, 39] and exhibit increased stability compared to free oligonucleotides
in solution [40–43]. These properties stem from the dense shell of highly oriented
nucleic acids presented at the surface of these structures [33, 44, 45]. The fact that
SNAs facilely enter cells without causing a significant immune response makes

Fig. 2 A 3D drawing of a spherical nucleic acid (SNA). SNAs consist of densely functionalized
and highly oriented nucleic acids on the surface of a nanoparticle. Because the properties of SNAs
are derived from the shell of nucleic acids, many different cores can be used, such as metal
nanoparticles (Au, Pt, etc.), liposomes, and polymers. SNAs can even be core-free. Adapted with
permission from Cutler et al. [33]. Copyright 2012. American Chemical Society
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them ideal for local delivery, such as through the skin; however, the fact that they
are nonspecifically picked up by nearly all cells will need to be addressed for
systemic applications.

The composition of SNAs is highly tailorable, making them an ideal therapeutic
platform because they can be tuned to meet the needs of a given application. SNAs
can be composed of a variety of oligonucleotides (e.g., DNA, siRNA, microRNA,
peptide nucleic acid (PNA), or locked nucleic acid (LNA)) and a variety of different
types of nanoparticle cores, such as gold (Au) [34], silver (Ag) [46], iron oxide
(Fe3O4) [47, 48], quantum dots (CdSe, CdSe/ZnS) [49, 48], platinum [48], silica
(SiO2) [50], core-shell (Au@SiO2) [50], and liposomes [51] typically ranging in
size from 10 to 50 nm. Coreless versions of these structures can also be made that
display the same useful properties as the core-filled structures, emphasizing the
concept that the properties of SNAs stem from their densely functionalized and
highly oriented nucleic acid shell and not from the nanoparticle core [51–54]. Some
types of the hollow SNAs that have been synthesized thus far include those
consisting of cross-linked oligonucleotides [53], DNA-block copolymer micelles
[55, 56], infinite coordination polymers [52], metal organic frameworks [54], and
liposomes [51]. Hollow SNAs, such as the liposomal SNAs, represent an exciting
new class of metal-free SNAs that can be useful in gene regulation, and their
potential is only beginning to be realized [51]. The liposomal SNAs have some
exciting advantages over conventional liposomal structures, as the oligonucleotide
cargo is arranged on the surface of the liposomal entity and thus stabilizes lipo-
somes in the sub-100 nm range. Other synthetic advances in SNA development
include the ability to attach RNA to DNA-based SNAs via enzymatic ligation to
create RNA-DNA hybrid SNAs [57]. These structures can be used to regulate gene

Fig. 3 SNAs offer a different paradigm for gene regulation, where negatively charged nucleic
acids do not need to be precomplexed with synthetic positively charged carriers to enter cells and
cause gene regulation. If the nucleic acids are densely oriented at the nanoscale, they enter cells in
high numbers, exhibit nuclease resistance, show no apparent toxicity, and do not activate the
innate immune response. Reproduced with permission from Cutler et al. [33]. Copyright 2012.
American Chemical Society
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expression in a manner similar to other types of SNAs, and they are more cost-
effective to synthesize than SNAs composed solely of RNA oligonucleotides. SNAs
can also be backfilled with a variety of surface passivating molecules, such as
polyethylene glycol (PEG) [40, 45] or oligoethylene glycol (OEG) [41, 45], which
have been known to improve colloidal stability, increase circulation time, and
reduce protein adsorption [58, 59].

1.5 Applications of SNAs in Cancer Research
and Treatment

The ability to tune the oligonucleotide sequence of SNAs is extremely powerful in the
development of SNAs as cancer therapeutics. For example, treatment with SNAs
in vitro has resulted in gene knockdown of model targets, such as luciferase [41] and
enhanced green fluorescent protein (eGFP) [42, 50], as well as targets involved in
cancer cell growth and proliferation, such as HER2 (an oncogenic receptor tyrosine
kinase (RTK) responsible for development and progression of cancers, in particular
breast cancers) [51, 60], Bcl2L12 (a GBMoncoprotein and potent inhibitor of effector
caspases and p53) [45], and epidermal growth factor receptor (EGFR; a RTK that is
important for maintaining epidermal homeostasis and a potent oncogene in several
cancers when overexpressed or mutated [61] both in vitro and in vivo). Because the
oligonucleotide sequence can be designed to target virtually any mRNA of interest,
we have only begun to scratch the surface of the potential of SNAs as cancer ther-
apeutics; SNAs could theoretically be used to target any disease with a genetic basis,
including many forms of cancer. To illustrate this versatility, we will highlight three
applications below in which SNAs are used to treat cancer. First, we will highlight
how SNAs can be used in the treatment of glioblastoma multiforme (GBM), the most
prevalent and aggressive form of primary central nervous systemmalignancies. Then,
we will discuss how SNAs can be delivered topically to regulate EGFR in the
treatment of hyperproliferative skin disorders and skin cancer. Finally, we explore
SNAs as multifunctional therapeutic agents, where drug conjugation to the SNA
results in the simultaneous delivery of oligonucleotides and drugs. These structures
are being evaluated for the treatment of prostate and breast cancer.

2 SNAs for the Treatment of Glioblastoma
Multiforme (GBM)

2.1 Bcl2L12-Targeting siRNA SNAs

Due to the unabated growth of GBM tumors and their extensive resistance to
therapies, only 3–5 % of patients survive longer than 3 years postdiagnosis [62].
Most therapeutics tested to treat GBM do not penetrate the blood–brain barrier/
blood–tumor barrier (BBB/BTB) and therefore are extremely ineffective [63].
However, given that SNAs are rapidly taken up by scavenger receptors, including
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those found on the surface of endothelial cells of the BBB/BTB, SNAs merited
investigation as a therapeutic platform that could cross the BBB/BTB and perva-
sively penetrate glioma tissue [64, 65]. To preclinically evaluate SNAs for the
treatment of GBM, Jensen et al. utilized an in vitro co-culture model of the human
BBB, consisting of human primary brain microvascular endothelial cells (huB-
MECs) and human astrocytes [45]. The authors designed SNAs consisting of a 13
nm gold nanoparticle core conjugated to thiolated siRNA duplexes targeting the
GBM oncogene Bcl2L12, an effector caspase and p53 inhibitor overexpressed in the
vast majority (>90 %) of GBM tumors [66–70]. By labeling these SNAs with a
fluorescent Cy5.5 dye and employing fluorescence microscopy, the authors

Fig. 4 BcL2L12-SNAs in treatment of glioblastoma multiforme. SNAs cross the BBB/BTB and
selectively accumulate in glioma tissue. a Noncontact in vitro BBB model using a co-culture of
human primary brain microvascular endothelial cells (huBMECs) and human astrocytes.
Representative confocal fluorescence microscopy images demonstrate Cy5.5-SNA (red) distribu-
tion in endothelial and astrocytic cells. Endothelial and astrocytic cells stained positively for
occludin (a marker for tight junctions) and glial fibrillary acidic protein (GFAP), respectively. The
cytoplasm is stained with DAPI and the nuclei stained with anti-vimentin; b Magnetic resonance
(MR) images of tumor-bearing mouse brains injected intracranially with SNAs-GdIII. Two
representative coronal sections imaged 24 h after SNAs-GdIII injection (upper panel) show
localization of SNAs-GdIII within the intracerebral lesion. GdIII signal is white and outlined with a
black dotted line. Also shown is the corresponding three-dimensional (3D) reconstruction of MR
images (GdIII signal in red); c and d IVIS analysis of brains with or without human glioblastoma-
astrocytoma (U87MG) (c) or human tumor neurospheres (huTNS) (d) tumors 48 h after systemic
delivery of saline or Cy5.5-SNAs. SNA accumulation is indicated by increased fluorescence
(yellow). Quantification of radiant efficiency is shown as relative signal amount under the images.
SiCo = scrambled control sequences. Adapted with permission from Jensen et al. [45]. Copyright
2013. Science Translational Medicine
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demonstrated that Bcl2L12-targeting SNAs (L12-SNAs) were able to undergo
transcytosis through the huBMEC layer and enter human astrocytes (Fig. 4a) [71–
73]. Consistent with the previous reports of SR-A-mediated uptake of SNAs [36,
37], this BBB-penetrating capacity was abolished when polyinosinic acid (Poly-I),
which blocks SR-A-dependent SNA uptake and likely mediates transcytosis, was
added prior to SNA treatment. Next, BBB and glioma tissue penetration was eval-
uated in vivo in both healthy and glioma-bearing mice. In conjunction with Cy-5
dye, gadolinium (GdIII) was conjugated to SNAs to visualize and quantify their
tissue penetration; the biodistribution of these SNAs was evaluated via inductively
coupled plasma-mass spectrometry (ICP-MS), magnetic resonance imaging (MRI),
and confocal fluorescence microscopy. GdIII-SNA conjugates were prepared from
alkyne-modified DNA thymine (dT) nucleotides and azide-labeled GdIII complexes
through click chemistry. Following local administration, both 3D reconstruction of
MRI images and confocal fluorescence demonstrated extensive intratumoral dis-
semination by SNAs (Fig. 4b). ICP-MS further validated these results, showing a 10-
fold higher accumulation of SNAs in tumor versus nontumor brain regions, possibly
due to the enhanced permeation and retention (EPR) effect [74]. Following tail vein
injection of Cy5.5-labeled L12-SNAs, in vivo imaging system (IVIS) quantification
of radiant intensities showed a 1.8-fold higher accumulation of SNAs in GBM-
xenograft-bearing mice compared to sham GBM-inoculated mice (Fig. 4c). Fur-
thermore, systemically delivered L12-SNAs successfully neutralized Bcl2L12
expression, increased intratumoral apoptosis, reduced tumor burden, and increased
survival. Systemically administered L12-SNAs did not induce inflammatory cyto-
kines, cause any changes in blood chemistry and complete blood counts, or elicit
changes in histopathology compared to saline or control SNAs. With no evidence to
date of toxicity and promising in vivo results thus far, L12-SNAs represent a
promising construct for GBM treatment that is headed toward early clinical testing.

2.2 Delivery of Therapeutic miRNA Using miR-182 SNAs

miRNAs have been shown to be important regulators of GBM pathogenesis and
therapeutic susceptibility [75]. Genomic studies have characterized miRNA-con-
trolled signaling pathways, which include critical growth and survival pathways, such
as receptor tyrosine kinase (RTK)-phosphoinositide 3-kinase (PI3K)-phosphatase
and tensin homolog (PTEN), retinoblastoma (Rb), B-cell lymphoma 2 (Bcl-2), and
tumor protein p53 (p53) signaling pathways [76, 77]. Given the global overexpression
of Bcl2L12, its roles in the pathogenesis of GBM, and its involvement in therapy
resistance, the Kessler, Peters, Mirkin, and Stegh labs sought to identify miRNAs that
control the expression of Bcl2L12 in GBM [78]. In silico studies of GBM samples
from the multidimensional Cancer Genome Atlas (TCGA) dataset (http://
cancergenome.nih.gov/dataportal/) were designed to discover miRNAs with
expression levels negatively correlated with Bcl2L12mRNA levels (Cancer Genome
Atlas Research [79]. From these studies, miR-182 was identified as a potential
miRNA candidate that regulates Bcl2L12 expression.
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The authors demonstrated that miR-182 acts as a tumor suppressor in GBM by
not only controlling the expression and activity of Bcl2L12, but also levels of the
RTK c-Met and the transcription factor hypoxia-inducible factor 2α (HIF2α). To
harness miR-182-related tumor suppressive functions as a therapeutic in vitro and
in vivo, the authors synthesized SNAs functionalized with mature miR-182
sequences (182-SNAs). Treatment of glioma cells with 182-SNAs in vitro was
shown to potently decrease Bcl2L12 and c-Met protein levels compared to control
SNA-treated cultures, while substantially increasing apoptotic responses and
reducing cellular growth. The authors then evaluated 182-SNAs in mice bearing
orthotopic GBM xenografts in vivo. In 182-SNA-treated mice compared to control
SNA-treated mice, average tumor weights were reduced, and 182-SNA-treated
mice experienced significantly prolonged survival relative to control SNA-treated
mice.

Taken together, 182-SNAs were shown to effectively decrease Bcl2L12 and c-
Met protein levels, enhance apoptotic responses to chemotherapy, drastically reduce
tumor burden, and extend survival of GBM-xenograft-bearing mice. Coupled with
the absence of any observable side effects or toxicity, 182-SNAs represent a novel
platform for delivering therapeutic miRNAs in GBM.

3 Topical Delivery of SNAs to Regulate Epidermal
Growth Factor Receptor (EGFR)

In order to suppress cancer-causing genes in the skin using oligonucleotides, the
oligonucleotide must pass the epidermal barrier. One of the greatest challenges
associated with topical drug delivery is the design and synthesis of materials that
can pass through this barrier [80–82]. In skin, topical delivery is the desired route
for delivering agents that can regulate gene suppression because the skin is easily
accessible and because topical delivery reduces the risk of systemic side effects.
Therefore, an agent that can deliver oligonucleotides through the epidermal barrier
with relatively little cytotoxicity would be ideal. Recently, it has been shown that
SNAs can be delivered topically in a commercial moisturizer or phosphate buffered
saline (PBS) solution to target EGFR, an important gene for epidermal homeostasis
and potent oncogene that is frequently overexpressed or mutated in cancer [83, 84].
SNAs were able to penetrate through hairless mice and human skin equivalents
without any clinical or histological evidence of toxicity [39]. The Mirkin and Paller
labs first measured the uptake of SNAs in normal human keratinocytes (hKCs)
because they are notoriously difficult to transfect [85]. ICP-MS revealed that SNA
uptake is five times higher in hKCs as compared to HaCaT (spontaneously
immortalized hKCs) or HeLa cells [39]. Although the underlying mechanism for
the high cellular uptake in hKCs is still under investigation, these data show the
potential of SNAs as a strong candidate for topical oligonucleotide delivery. When
the uptake in hKCs was visualized by confocal microscopy using nontargeting
SNAs with a Cy3 dye, strong fluorescence was seen in the cytoplasm of the cells

32 S.N. Barnaby et al.



and morphological differences were not seen between untreated hKCs and SNA-
treated hKCs (Fig. 5a). To determine potential off-target effects of SNAs, genome-
wide expression profiling revealed only seven up-regulated genes (none were
downregulated); in contrast, 427 genes were up- or down-regulated in the case of
lipid-based siRNA delivery using the DharmaFECT1™® transfection reagent. This
is a promising result because SNA toxicity should be relatively low since there are
virtually no off-target effects.

After confirming that SNAs enter hKCs and cause relatively little immune
response, the potential for EGFR mRNA and protein knockdown was assessed.
Western blot analysis showed that there was greater EGFR suppression by 0.3 nM
siRNA delivered by SNA than 30 nM siRNA delivered by DharmaFECT1™ in
hKCs (Fig. 5b). In fact, total suppression of EGFR, as seen by Western blot, was
observed with incubation of 1.5 nM total siRNA delivered by SNAs, something that
was not seen even at 30 nM siRNA delivered by DharmaFECT1™, thus demon-
strating the potency of oligonucleotide delivery via SNAs.

The authors then investigated the potential of SNAs to penetrate mouse skin. In
both SKH10E hairless mice and hair-bearing C57BL/6 J mice that were shaved
24 h before treatment, SNA penetration through the stratum corneum and into the
epidermis and dermis was seen in as few as 3 h after a single SNA dose (Fig. 5c).
Furthermore, after treating SKH1-E hairless mice daily for 3 days with nontargeting
SNAs and monitoring the gold content in skin for 10 days post-treatment, it was
found that only 2 % of the initial gold was still present in the skin (Fig. 5d). In
summary, SNAs were shown to penetrate the skin of two different mice strains and
subsequently clear the skin by 10 days post-treatment.

The next step was to investigate the efficacy of EGFP suppression in mouse skin.
Western blot analysis showed that the protein expression of EGFP was nearly
eliminated and the downstream phosphorylation of ERK was inhibited by 74 %
from the application of SNAs in Aquaphor®; Aquaphor® alone, nontargeting SNAs,
and free siRNA did not have an effect on EGFP expression (Fig. 5e). Furthermore,
the decrease in EGFP expression was accompanied by a 74 % decrease in the
phosphorylation of downstream extracellular signal-regulated kinases (ERK1/2),
demonstrating the specificity of EGFR knockdown (total ERK1/2 expression
remained constant). To confirm the phenotypic effect of EGFR knockdown on
mouse skin, computerized morphometric analysis of histological sections of mouse
skin treated with EGFR SNAs showed an almost 40 % reduction in thickness
compared to the mouse skin treated with Aquaphor® alone or nontargeting SNAs
(Fig. 5c). Similar results were seen with human skin equivalents. Taken together,
these data demonstrate the ability of SNAs to knockdown a specific gene target
in vivo, which causes a specific biological response with minimal off-target effects.
This study lays the groundwork for SNAs to be utilized for topical oligonucleotide
delivery with vast potential in the treatment of skin diseases and disorders, such as
metastatic melanoma and psoriasis.
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4 Multifunctional SNAs

Thus far, we have discussed SNAs that enter cells and tumor tissues and perform a
single function (e.g., regulate gene expression via the RNAi or antisense pathway).
However, SNAs that can perform multiple therapeutic, diagnostic, targeting, and
imaging functionalities simultaneously within a cell can also be synthesized. Using
solid-phase DNA synthesis, modified phosphoramidites can be used to add specific
chemical functional groups onto oligonucleotides; and these functional groups can
be used as handles to attach drugs, small molecules, or antibodies of interest to
these oligonucleotides. When these modified oligonucleotides are formulated as
SNAs, the SNA structure allows for the cellular entry of the conjugate and the
oligonucleotides allow for the regulation of gene expression, while the small
molecule drug or contrast agent that is appended to the oligonucleotides that
comprise the SNAs, for example, can be used as an additional therapeutic com-
ponent or imaging modality, respectively.

4.1 SNA-Drug Conjugates for Drug Delivery

Cisplatin and carboplatin are widely regarded as effective treatments for testicular
and ovarian cancers, and these drugs have also been utilized for the treatment of
bladder, cervical, head and neck, esophageal, and small cell lung cancer [86, 87].
However, many of the synthetic delivery systems used for cisplatin and carboplatin
are associated with systemic toxicity [88]. Because SNAs have been shown to enter
cells in high quantities [35] without provoking a significant immune response [38],

b Fig. 5 Topical delivery of SNAs through human and mouse skin. a Uptake of Cy3-labeled
nonsense SNAs (red) in the cytoplasm of approximately 100 % of the primary human
keratinocytes (hKCs) after 24 h incubation. The nuclei were stained blue with Hoechst 33343.
Scale bar, 20 μm; b Western blot showing epidermal growth factor receptor (EGFR) protein levels
for hKCs treated for 48 h. Note the greater suppression by 0.01 nM EGFR SNAs (equivalent to
0.3 nM siRNA) as compared with the 30 nM EGFR siRNA delivered with DharmaFECT1™ at
60 h; cMouse (SKH1-E) skin treated topically with 1:1 Aquaphor® only (left) or with 50 nM Cy5-
labeled (red) SNAs dispersed in the 1:1 Aquaphor® (right). The SNAs are seen in the cytoplasm of
epidermal cells and the dermis 3 h after application. DAPI-stained nuclei in blue. Scale bars,
100 μm; d Mouse skin was treated daily for 3 days with nonsense SNAs and analyzed by ICP-MS
for gold content. The gold content in mouse skin progressively decreases after cessation of topical
treatment; 10 days after the final treatment, only 2 % of the original gold content remains (n = 3 at
each time point); e The protein expression of EGFR was nearly eliminated in the EGFR SNA-
treated group, whereas the downstream phosphorylation of ERK was inhibited by 74 %; total ERK
expression remained constant; f The mean thickness of EGFR SNA-treated skin was 40 % less
than that of control-treated skin (P < 0.001), as measured by computerized morphometry.
Epidermal thickness was measured from the top of the stratum granulosum to the basement
membrane (arrows) at three equidistant sites. Adapted with permission from Zheng et al. [39].
Copyright 2012. Proceedings of the National Academy of Sciences of the United States
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they are a promising platform for the delivery of these and other platinum (Pt)
compounds. To this end, the Lippard and Mirkin labs collaborated to synthesize a
DNA oligonucleotide with a terminal dodecyl amine to which the Pt (IV) pro drug
(c,c,t-{Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H}) was conjugated via amide linkages
(Fig. 6a) [89]. Platinum atomic absorption spectroscopy (AAS) showed that 98 %
of the DNA amines on the SNA were conjugated to platinum. The mechanism of
action for Pt (IV) complexes requires that they are reduced to cytotoxic Pt (II) in a
reducing environment, such as inside cells or blood [90]. Electrochemical studies
confirmed that the conjugation of a Pt (IV) payload to the SNA did not significantly
alter the reduction potential of the complex, making it likely that the axial ligands of
the Pt (IV) complex could be removed once it entered a reducing environment. It
was also confirmed that the SNAs still entered HeLa cervical cancer cells with the
Pt (IV) prodrugs attached (Fig. 6b), and specifically colocalized with microtubules

Fig. 6 Drug and oligonucleotide dual therapy. a Scheme for the synthesis of Pt (IV) terminated
SNAs; b Live cell imaging of HeLa cells upon incubation with platinum-tethered Cy5-SNAs for
12 h; c Co-localization of the particles with the cytoplasmic microtubules. Hoechst 33342 was
used for nuclear staining. Scale bars, 20 μm. Adapted with permission from Dhar et al. [89].
Copyright 2009. American Chemical Society
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(Fig. 6c). Finally, the efficacy of the SNA-bound Pt (IV) prodrug was assessed in
four different cell lines. For A549 lung epithelial cancer cells in particular, the
conjugation of the Pt (IV) prodrug to the SNA resulted in superior killing efficiency,
with a half maximal inhibitory concentration (IC50) of 0.9 μM, compared to an IC50

of 11 μM for free cisplatin. Therefore, it appears that the Pt (IV) prodrug is more
effective when conjugated to DNA on the SNA surface. Future work will include
using the oligonucleotide, whether it is DNA or RNA, to knockdown gene
expression, which, in conjunction with drug delivery, should render these con-
structs even more effective.

The Ho and Mirkin labs employed a similar strategy with the chemotherapeutic
Paclitaxel [91]. Paclitaxel is used to treat cancers such as ovarian, breast, and
nonsmall cell lung cancers [92, 93]. Paclitaxel is challenging to deliver because of
its low aqueous solubility; cells also acquire chemoresistance toward this drug and
it often causes harmful side effects [94]. Therefore, it was hypothesized that Pac-
litaxel’s conjugation to SNAs may increase its aqueous solubility and perhaps
decrease the associated side effects.

Zhang and co-workers conjugated a thiolated oligonucleotide containing a ter-
minal Paclitaxel group to 13 nm gold nanoparticles (AuNPs) (Fig. 7a; compound 3)
[91]. This step was accomplished by modifying Paclitaxel molecules with succinic
anhydride groups to form a Paclitaxel carboxylic acid derivative (compound 1),
which was conjugated to DNA oligonucleotides with a terminal amine group using
EDC/sulfo-NHS chemistry (compound 2). The average number of Paclitaxel
molecules per gold nanoparticle was measured to be 59 ± 8. It is interesting to note
that while free Paclitaxel is not soluble in phosphate buffered saline (PBS) at a
5 μM concentration, the SNA-Paclitaxel conjugates remain well dispersed in PBS,
as confirmed by dynamic light scattering (DLS) (Fig. 7b) and transmission electron
microscopy (Fig. 7c). Free Paclitaxel has a maximum solubility of 0.4 μg/mL in
aqueous solution [95] and the SNA-Paclitaxel conjugate exhibits a maximum sol-
ubility for Paclitaxel of 21.35 μg/mL, a greater than 50-fold enhancement in drug
solubility. Confocal microscopy confirmed the internalization of fluorophore-
labeled SNA-Paclitaxel conjugates in MCF7 human breast adenocarcinoma cells
and MES-SA/Dx5 human uterine sarcoma cells after a 6 h incubation. A terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay [96] deter-
mined that DNA fragmentation and apoptosis was induced by Paclitaxel. It was
shown that Paclitaxel remained active when bound to SNAs and that the SNA-
Paclitaxel conjugates have the potential to overcome Paclitaxel resistance in cells.

Furthermore, the ability of SNA-Paclitaxel conjugates to kill cancer cells derived
from different types of cancer (MCF7 breast cancer cells, MES-SA/Dx5 multidrug
resistant cells derived from uterine sarcoma, and SKOV-3 ovarian cancer cells) was
assessed. Enhanced cytotoxicity was observed in all three cell lines for the SNA-
Paclitaxel conjugate when compared with free Paclitaxel and the DNA-Paclitaxel
conjugate. Therefore, the SNA formulation of Paclitaxel may overcome the cellular
cross-resistance of chemotherapeutics in vitro. There are also significant advantages
to using the SNA-Paclitaxel formulation compared to the free Paclitaxel and the
DNA-Paclitaxel conjugate when looking at the IC50 (in nM Paclitaxel; Table 1). In
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MCF7 cells, for example, the IC50 decreases from above 1 μM and 193 nM for free
Paclitaxel to 119.4 and 52.6 nM for SNA-Paclitaxel conjugates after 12 and 48 h,
respectively. Therefore, conjugation to SNAs represents a potential new route to
solubilize previously insoluble drugs and improve their biological response. Future
work is still needed to better understand the mechanism of enhanced efficacy in this
system, but the groundwork has been set for the use of SNAs as platforms to which
other biologically relevant small molecules can be conjugated.

Fig. 7 Drug solubility and efficacy of paclitaxel increases upon covalent linkage with SNAs.
a Synthesis of SNA-Paclitaxel conjugates; b Hydrodynamic sizes of SNA-Paclitaxel conjugates
(3), SNAs, and Paclitaxel in PBS buffer (n = 3). The compounds were suspended in PBS buffer at
the equivalent Paclitaxel concentration of 21.3 μg/mL (25 μM) for dynamic light scattering (DLS)
measurement; c TEM image of SNA-Paclitaxel conjugates (3). Scale bar is 20 nm. Adapted with
permission from Zhang et al. [91]. Copyright 2011. ACS Nano
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4.2 SNA-Antibody Conjugates for Cellular Targeting

While SNAs solve many challenges associated with the intracellular delivery of
oligonucleotides, the fact that they allow entry into most cells in a nonspecific
fashion could present a problem in the targeting of genes essential for normal organ
homeostasis. To enhance SNA association with target cells, the Mirkin lab con-
jugated a monoclonal antibody (mAb) designed to bind to the human epithelial
growth factor receptor 2 (HER2) to antisense DNA-SNAs to create HER2-targeting
antisense DNA-SNAs [60]. HER2 is involved in signal transduction pathways
leading to increased cellular growth and differentiation, and it is up-regulated in
many epithelial cancers, including breast, ovarian, gastric, and salivary [97, 98].
The authors utilized copper (I) (Cu(I)) click chemistry to conjugate a HER2 anti-
body to antisense DNA, specifically linking an azide-functionalized HER2 mAb to
DNA with a 3′ alkyne group (Fig. 8a).

Using ICP-MS, the authors evaluated the cell uptake of both HER2-targeted and
nontargeted SNAs as a function of time in HER2 overexpressing SKOV-3 ovarian
cancer cells (Fig. 8b). In the first 6 h of incubation, the HER2-targeted SNAs
demonstrated a significantly higher rate of uptake compared to the nontargeted
SNAs (*236 particles s−1 cell−1 for HER2-targeted SNAs vs. *19 particles
s−1 cell−1 for nontargeted SNAs). However, as incubation time was extended to
24 h, the selectivity diminished, perhaps due to the cells’ inability to replenish
HER2 on their surfaces after mAb binding and endocytosis [99]. Furthermore, band
density analysis by Western blot for HER2-targeted SNAs in SKOV-3 cells
revealed that at certain concentrations, HER2 expression could no longer be
detected (Fig. 8c). Thus, HER2-targeting SNAs were taken up by HER2 over
expressing cells to a greater extent and at a faster initial rate compared to nontar-
geted particles. Additionally, HER2-targeting SNAs demonstrated potent antisense
gene knockdown, requiring only pM amounts of SNAs to drastically silence HER2

Table 1 IC50 of SNA-Paclitaxel conjugates (3), free Paclitaxel, and compound (1) after 12 and
48 h Incubation in MCF7 Breast cancer, SKOV-3 Ovarian Cancer, and MES-SA/Dx5 multidrug
resistant cells

Cell line Incubation time (h) IC50 (nM Paclitaxel)

SNA-Paclitaxel Paclitaxel Paclitaxel
carboxylic
acid derivative

MCF7 12 119.4 >1000 >1000

48 52.6 193.0 133.2

SKOV-3 12 4.3 175.6 >1000

48 17.5 28.9 188.0

MES-SA/Dx5 12 118.0 >1000 >1000

48 104.5 >1000 >1000

Adapted with permission from Zhang et al. [91]. Copyright 2011. ACS Nano
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expression. Hence, these SNA-antibody constructs are capable of increasing both
the selectivity and efficacy of the SNA platform.

4.3 Gadolinium-Enriched SNAs for Cellular Imaging

The Meade and Mirkin labs utilized SNAs as a platform to synthesize bioactivated
contrast agents that are capable of penetrating cells for use in cell-tracking exper-
iments [100]. The most commonly used contrast agents, paramagnetic gadolinium
(III) (GdIII) complexes, are advantageous because GdIII complexes have high re-
laxivities since they reduce the longitudinal relaxation time (T1) of local water
protons [101]. Song and co-workers sought to fill the need for a magnetic resonance
imaging (MRI) agent with both high GdIII loading (for enhanced contrast) and
efficient cellular uptake (for imaging small cell populations) by conjugating GdIII to
SNAs [100]. The GdIII complexes were attached through click chemistry to poly
DNA thymine (poly dT) oligonucleotides, which contained five conjugation sites of
hexylamino labeled DNA thymine (dT groups conjugated with a cross-linker,

Fig. 8 Human epidermal growth factor receptor 2 (HER2)-targeted SNAs. a Synthesis of HER2-
targeting SNAs; b Cell uptake of targeted versus nontargeted SNAs in SKOV-3 ovarian cancer
cells as a function of time; c Western blot of HER2 expression in SKOV-3 cells after treatment
with increasing concentrations of HER2-targeting SNAs. GAPDH is used as an internal reference.
Adapted with permission from Zhang et al. [60]. Copyright 2012. American Chemical Society
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azidobutyrate-N-hydroxysuccinimidester) (Fig. 9a). Through ICP-MS, the GdIII

loading per SNA was calculated; there were 342 ± 1 GdIII per 13 nm AuNP and
656 ± 20 GdIII per 30 nm AuNP. The relaxation efficiencies of DOTA-GdIII, DNA-
GdIII, and SNA-GdIII (13 and 30 nm AuNPs) were measured by taking the slope of
a plot of the measured 1/T1 as a function of GdIII concentration (Table 2). The
relaxivity at 37 °C in water at 60 MHz increased from 3.2 mM−1 s−1 for DOTA-
GdIII to 8.7 mM−1 s−1 for DNA-GdIII to 16.9 mM−1 s−1 for 13 nm SNA-GdIII

and 20.0 mM−1 s−1 for 30 nm SNA-GdIII. These results are consistent with the
Soloman-Bloembergen-Morgan theory, which states that there is a concomitant
decrease in rotational correlation time (τr) with an increase in r1 [102–106].
T1 weighted MR images in solution phantoms as well as NIH/3T3 mouse fibroblast
cells show that SNA-GdIII is significantly brighter than DOTA-GdIII at multiple

Fig. 9 Multimodal SNA-GdIII. a Synthesis of Cy3-SNA-GdIII conjugates using copper catalyzed
azide alkyne cycloaddition (CuAAC); b Time-dependent cellular uptake of SNA-GdIII conjugates
compared to DOTA–GdIII in NIH/3T3 mouse fibroblast and HeLa cervical cancer cells. Cells were
incubated with 6.5 μM GdIII for both contrast agents. Error bars represent ±1 standard deviation of
the mean for duplicate experiments. Adapted with permission from Song et al. [100]. Copyright
2009. Angewandte Chemie
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GdIII concentrations. To confirm efficiency of cellular uptake, NIH/3T3 and HeLa
cells were incubated with SNA-GdIII or DOTA-GdIII for increasing amounts of
time. At all concentrations, the GdIII uptake was more than 50-fold higher for SNA-
GdIII than for DOTA-GdIII (Fig. 9b). Therefore, SNAs functionalized with GdIII are
outstanding contrast agents that freely enter cells.

Finally, the cell labeling efficiency was assessed using analytical flow cytometry.
It was found that incubation of Cy3 SNA-GdIII with NIH/3T3 cells results in 80 and
100 % of the cells being labeled after four and 24 h, respectively. Taken together,
these data demonstrate the versatility of the SNA platform and show that conju-
gation of GdIII to SNAs results in a multimodal, cell permeable MR contrast agent
that is biocompatible, has a high GdIII loading, and relatively high relaxivity. These
Gd-SNA conjugates also show a greater than 50-fold increase in cell uptake
compared to clinically available DOTA-GdIII. When also designed and synthesized
to target a gene of interest, such SNAs could be efficiently used as dual imaging-
therapeutic moieties.

4.4 Self-Assembled, Multimodal SNAs for Cancer Therapy

The design of multimodal nanomaterials (i.e., nanoconjugates capable of simulta-
neously performing various functions including imaging, sensing, and drug delivery)
is becoming increasingly desired. As such, the Tan lab sought to further expand the
multimodal potential of SNAs by generating self-assembled, SNA-based constructs
that combine fluorescent imaging, specific target cell recognition, and high drug
loading capacity [108]. To achieve this, 30 nm streptavidin magnetic nanoparticles
(MNPs) were conjugated with a biotin-DNA initiator strand that triggered a cascade
of DNA-assisted hybridization reactions of monomer DNA sequences, resulting in
the formation of a long DNA polymer (diameter after assembly *124 nm) as the
nanoparticle shell (Fig. 10).

Table 2 Relaxivities (r) of Gd III complexes and conjugates at 60 and 600 MHz

r1, (mM−1 s−1)

60 MHz (1.41 T) 600 MHz (14.1 T)

DOTA-GdIII 3.2a 2.2

DNA-GdIII 8.7 NM

13 nm SNA-GdIII/ionic 16.9 5.1

13 nm SNA-GdIII/particle 5779 1275

30 nm SNA-GdIII/ionic 20.0 NM

30 nm SNA-GdIII/particle 13,120 NM

60 MHz measured in pure water at 37 °C and 600 MHz measured in cell media at 25 °C. NM = not
measured
aTaken from [107]
Adapted with permission from Song et al. [100]. Copyright 2009. Angewandte Chemie
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The monomer DNA sequences were designed to carry fluorophores for fluo-
rescence imaging and targeting sequences for cell-specific recognition. One of the
monomer DNA sequences contained an embedded aptamer AS1411, which forms a
stable G-quadruplex structure that specifically targets nucleolin, a protein overex-
pressed in tumor cells [109]. AS1411 has been tested in phase II clinical trials for
patients with relapsed or refractory acute myeloid leukemia and renal cell
carcinoma [110]. In G-quadruplex form, AS1411 can bind 5, 10, 15, 20-tetrakis
(4-N-methylpyridiniumyl)porphyrin (TMPyP4), a photodynamic therapy drug that
is cytotoxic when exposed to light [111]. Hence, AS1411 enabled cell-specific
targeting as well as drug loading capacity for these multimodal SNAs.

When nucleolin-expressing SKOV-3 ovarian epithelial adenocarcinoma cells
and control, non-nucleolin-expressing HBE135 lung epithelial cells were incubated
with FITC-labeled AS1411/MNP-SNAs and random, nontargeted MNP-SNAs, a
significant fluorescence shift was found only with AS1411/MNP-SNAs in SKOV-3
cells, as assessed via flow cytometry. These data indicated that the binding capacity
of the AS1411 aptamer remained intact after conjugation to the MNP-SNAs.
Additionally, no significant fluorescence change was detected between the random
MNP-SNAs and the AS1411/MNP-SNAs in HBE135 cells, indicating the speci-
ficity of the AS1411/MNP-SNAs for nucleolin.

Furthermore, a cytotoxicity assay was performed that compared TMPyP4 only to
TMPyP4 bound on AS1411/MNP-SNAs (TMPyP4/AS1411/MNP-SNAs) in
SKOV-3 and HBE135 cells. Cell death was induced by laser irradiation after treating
with TMPyP4 only or TMPyP4/AS1411/MNP-SNAs for 10 min and assessed via
flow cytometry monitoring of propidium iodide (PI)-labeled dead cells. The
phototoxicity of the TMPyP4/AS1411/MNP-SNAs was significantly higher than
TMPyP4 only in nucleolin-expressing SKOV-3 cells (IC50 of TMPyP4/AS1411/
MNP-SNAs *0.15 μM vs. IC50 of TMPyP4 only *0.4 μM). Additionally, in non-
nucleolin-expressing HBE135 cells, TMPyP4/AS1411/MNP-SNAs induced
phototoxicity was significantly less than TMPyP4 only (IC50 of TMPyP4/AS1411/
MNP-SNAs ≫3 μM vs. IC50 of TMPyP4 only *1.5 μM). These results indicated

Fig. 10 Schematic representation of multimodal SNAs. Adapted with permission from Zheng
et al. [108]. Copyright 2013
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that TMPyP4/AS1411/MNP-SNAs enabled cell-specific drug entry and acted as
cytotoxic agents to nucleolin-expressing cancer cells, while protecting non-nucle-
olin-expressing control cells relative to TMPyP4 alone.

Thus, TMPyP4/AS1411/MNP-SNAs were shown to be a promising, multi-
functional construct, with the ability to target cancer cells specifically, act as
cytotoxic payloads to cancer cells, and be fluorescently imaged. Given the tunable
nature of the monomer DNA sequences, these self-assembled, multimodal SNA
conjugates are adaptable and could potentially be expanded as a therapeutic plat-
form for cancer.

5 Future Outlook

Spherical nucleic acids (SNAs) represent a model platform for oligonucleotide-
based therapeutics. These novel materials enter cells in high quantities without the
use of transfection agents and can be utilized to regulate gene expression without
eliciting an immune response. They are also resistant to nuclease degradation and
can be formulated as multifunctional materials when the nucleic acids on their
surface are conjugated to entities such as small molecules, drugs, or antibodies.
While it is advantageous that these materials enter almost every known cell line and
can cross the blood–brain and blood–tumor barriers as well as the epidermis, their
use does not come without its own challenges. The nonspecific uptake of SNAs by
virtually all cells must be addressed in the context of systemic delivery, and the
coupling of SNAs to targeting moieties, such as antibodies, are being explored to
increase their specificity for certain cell types. While their nonspecific uptake
necessitates thoughtful target selection for systemic applications, SNAs are ideal
candidates for local administration. The challenges for this class of therapeutics,
going forward, will be picking appropriate genetic targets and diseases to treat. The
fact that the oligonucleotide sequence can be tuned to specifically target a disease-
causing mRNA sequence, while sparing healthy mRNA sequences, has tremendous
potential for increasing the therapeutic precision and minimizing off-target effects.
The customizable nature of the oligonucleotides becomes even more important
when one considers that the genetic basis of many diseases is constantly changing
and that diseases present themselves differently in each patient. SNAs may allow
for on-demand, personalized, or individualized therapeutic options to combat ever-
evolving microorganisms and cancer diversity.
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Theranostic Magnetic Nanostructures
(MNS) for Cancer
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Abstract

Despite the complexities of cancer, remarkable diagnostic and therapeutic advances
have beenmade during the past decade, which include improved genetic, molecular,
and nanoscale understanding of the disease. Physical science and engineering, and
nanotechnology in particular, have contributed to these developments through out-
of-the-box ideas and initiatives from perspectives that are far removed from
classical biological and medicinal aspects of cancer. Nanostructures, in particular,
are being effectively utilized in sensing/diagnostics of cancer while nanoscale
carriers are able to deliver therapeutic cargo for timed and controlled release at
localized tumor sites. Magnetic nanostructures (MNS) have especially attracted
considerable attention of researchers to address cancer diagnostics and therapy. A
significant part of the promise of MNS lies in their potential for “theranostic”
applications, wherein diagnostics makes use of the enhanced localized contrast in
magnetic resonance imaging (MRI) while therapy leverages the ability of MNS to
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heat under external radio frequency (RF) field for thermal therapy or use of thermal
activation for release of therapy cargo. In this chapter, we report some of the key
developments in recent years in regard to MNS as potential theranostic carriers. We
describe that the r2 relaxivity ofMNS can bemaximized by allowing water (proton)
diffusion in the vicinity of MNS by polyethylene glycol (PEG) anchoring, which
also facilitates excellent fluidic stability in various media and extended in vivo
circulation while maintaining high r2 values needed for T2-weighted MRI contrast.
Further, the specific absorption rate (SAR) required for thermal activation of MNS
can be tailored by controlling composition and size of MNS. Together, emerging
MNS show considerable promise to realize theranostic potential. We discuss that
properly functionalized MNS can be designed to provide remarkable in vivo
stability and accompanying pharmacokinetics exhibit organ localization that can be
tailored for specific applications. In this context, even iron-based MNS show
extended circulation as well as diverse organ accumulation beyond liver, which
otherwise renders MNS potentially toxic to liver function. We believe that MNS,
including those based on iron oxides, have entered a renaissance era where
intelligent synthesis, functionalization, stabilization, and targeting provide ample
evidence for applications in localized cancer theranostics.

Keywords

Magnetic nanostructures � Theranostics � Thermal activation � MR imaging �
T2 contrast agents
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1 Introduction

Magnetic nanostructures (MNS) have emerged as promising functional probes for
simultaneous diagnostics and therapeutics (theranostic) applications. The diagnos-
tics potential of MNS arises from their role in enhancing the contrast in magnetic
resonance imaging (MRI). The therapeutic prospects of MNS stem from thermal
activation under external applied radio frequency (RF) field and/or localized release
of therapeutic cargo, either through diffusive processes or triggered by thermal
activation. Both of these attributes of MNS are related to their unique size-
dependent physical properties as well as compatibility of size to typical biomole-
cules (Fig. 1) [1–7]. The characteristics of MNS are typically measured by satu-
ration magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc).
Saturation magnetization is the maximum magnetization value of MNS under an
applied magnetic field while remanent magnetization is the magnetization after
removing that field. Coercivity is the strength of the applied magnetic field that is
necessary to reverse the remanent magnetization back to zero [8]. Superparamag-
netism (SPM) occurs when particles are small enough for thermal fluctuations to
cause random flipping of magnetic moments, resulting in no remanent magneti-
zation and coercivity in the absence of an applied magnetic field, akin to para-
magnetism. However, under external applied magnetic field, the nanostructures can
be magnetized and manipulated for transport and thermal activation. The super-
paramagnetic nanostructures are essential for biomedical studies where no remanent
magnetization is critical in preventing their coagulation and sustaining a long period
of circulation in the body. Additional properties of MNS required for biomedicine
include greater magnetic susceptibility and high saturation magnetization that
results in faster and stronger response, even at low external applied magnetic field,
and also enhances thermal activation. The magnetic properties of MNS are dictated

Fig. 1 Size scale of MNS as compared to biomolecules. MNS can be adapted to include
biomolecules, drugs, or targeting and imaging molecules to form targeted MNS theranostic agents
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by the composition, size, shape, and surface properties [9]. Hence, tuning control of
these physical properties is essential for success of MNS for in vivo platform.

Typically, MNS comprise a magnetic core and biocompatible coating and/or
surface functionalization that allows integration of targeting agents and bio/che-
motherapeutics (Fig. 2). Targeting agents have been coupled with MNS for both
diagnostic imaging and therapy of specific tumors [5, 10–12]. The diagnostic
applications of MNS stem from the MRI [13]. MRI offers clinicians the ability to
noninvasively obtain anatomic and metabolic/functional information with high
spatial and temporal resolution [13–15]. The technique is based on the response of
water proton spin in the presence of an applied magnetic field when triggered with a
RF pulse. When external magnetic field is applied, protons align in one direction.
Application of the RF pulse perturbs the alignment and the protons relax to the
original state via two independent relaxation processes: longitudinal (T1) and
transverse (T2) relaxation that are used to generate the MR images. The difference in
water concentration and local environment between organs and tissues results in
intrinsic contrast in MR images.

The spatial resolution as well as the sensitivity (S/N) of the MR images can be
enhanced with the use of contrast agents. Paramagnetic molecular complexes, such
as Gd(III) chelates, are used as T1 contrast agents that increase signal intensity, i.e.,
higher r1 relaxation, and appear bright in T1-weighted images [16]. T1 contrast
agents are not covered in this chapter, however, a number of recent reviews have
appeared [15–20]. MNS are used as T2 contrast agents that decrease the signal

Fig. 2 Functional architecture of MNS and theranostic modalities. MNS are comprised of
thermally active magnetic core and biocompatible coating and/or functionalization that allows
integration of targeting agents and bio/chemotherapeutics
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intensity, i.e., higher r2 relaxation, and appear dark in T2-weighted images. When
water molecules (protons, more specifically) diffuse into the periphery of the
induced dipole moment by MNS, the T2 relaxation time of the protons is shortened,
which enhances the negative contrast that helps in differentiating between patho-
genic targets and normal tissues in T2 weighted MRI images (Fig. 3).

Several MNS-based T2 contrast agents (e.g., Feridex and Resovist) have been
clinically approved [21, 22]. The MRI contrast enhancement effect is measured by
the relaxation rate R2 (s−1) and the relaxivity coefficient r2, a slope of R2 against
MNS concentration. The R2 relaxation rate of MNS is defined as

R2 ¼ 1
T2

¼ 256p2c2

405
M2

s V
r2

Dð1þ L
rÞ

ð1Þ

where T2 is transverse relaxation time, γ is proton gyromagnetic ratio, Ms is satu-
ration magnetization, V is volume of MNS, D is diffusion coefficient of water
molecules, r is radius of MNS core, and L is thickness of MNS surface coating.
[23]. The higher relaxivity corresponds to a better contrast effect. Based on Eq. (1),
MNS should have high magnetization (Ms), large volume (V), and thin surface
coating (small L) for better contrast effect.

MNS can generate heat under external RF field that make them very useful in
cancer therapeutics. Under an external RF field (typically a few hundred kHz),
superparamagnetic MNS switch their magnetization direction along the field
directions, back and forth. The frictions caused by the physical rotation of the MNS
(Brownian relaxation) and the magnetization reversal within the MNS (Neel
relaxation) lead to the loss of magnetic energy and the generation of thermal energy
[24]. The capability of generating heat at any targeted areas can be used for directly
killing cancer cells via the thermal therapy and/or as an actuator for bio/chemo

Fig. 3 T2 contrast enhancement in water due to MNS. When water molecules diffuse into the
periphery of the induced dipole moment by MNS, the T2 relaxation time of the water protons is
shortened which enhances the negative contrast
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therapy cargo release. The thermal activation of MNS is measured by the specific
absorption rate (SAR) that is measured as the initial temperature rise of the MNS
solution per unit volume or mass.

SAR ¼ pl0v0H
2
0 f

2pf s

1þ ð2pf sÞ2 ð2Þ

where μ0 is vacuum permeability, χ0 is equilibrium susceptibility, H0 is RF field
amplitude, and f is frequency of the external RF field. The higher SAR is crucial for
clinical use since that would require a smaller amount of MNS to be injected into
the patient. According to Eq. (2), SAR highly depends on various parameters such
as the size, size distribution, shape, chemical composition and surface modification,
and saturation magnetization of the particles [25]. In addition, it is clear that SAR
values depend on the frequency f and the field amplitude H0 of the applied field.
However, in order to apply hyperthermia safely to patients and avoid any detri-
mental effect on healthy tissues due to electromagnetic radiation exposure, the
H0f factor should not exceed a threshold that was experimentally estimated to equal
5 × 109 A m−1 s−1 [26]. Therefore, MNS with an exceptional SAR value that can
generate heat under H0f limit is highly desirable.

2 Synthesis and Characteristics of MNS: Prospects
for Theranostics

For successful theranostic applications, MNS should be monodispersed and have
uniform composition because the magnetic properties of MNS depend on the size,
shape, and composition. It is clear from Eqs. (1) and (2) that the particles should
possess high saturation magnetization and magnetic susceptibility, and be stable to
a range of pH and salt concentrations. A key parameter for the magnetization of
MNS is size. In a bulk magnetic material, all of the magnetic spins are aligned
parallel to the applied magnetic field. However, in the nanoscale regime, a mag-
netically disordered spin-glass-like surface layer is formed. As the nanoparticle size
decreases, such surface spin-canting effect becomes more pronounced and causes a
drop in the saturation magnetization. While high saturation can be achieved with
larger size particles, avoiding the surface-canting effect [27], the particle size should
be under the superparamagnetic limit, which is typically less than *20–30 nm for
the majority of MNS. Further, the particles should have a coating or surface
functional moieties that improve dispersion, biocompatibility, and provides a sur-
face that can be functionalized. Strict attention to these parameters is essential
during the design, synthesis, and formulation of MNS in order to be useful for
in vivo applications.

MNS can be fabricated by either top-down (mechanical attrition) or bottom-up
(chemical synthesis) approaches [9]. Since magnetic properties change with size
and composition of MNS, chemical routes are preferred since they can synthesize
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MNS with uniform composition and size. The chemical methods include co-pre-
cipitation, microemulsion, thermal decomposition and/or reduction, hydrothermal
synthesis, and polyol synthesis. Two excellent reviews describing MNS fabrication
methods have recently appeared and we will provide only a brief summary here
[28, 29].

The most common synthetic strategy involves aqueous precipitation of iron salts
with in situ, or post-synthesis addition of surfactant [30]. This strategy has notable
limitations yielding monodispersity [31]. The microemulsion method does produce
MNS of narrower size distribution compared to aqueous precipitation, but suffers
from low yields [32]. Recently, the thermal decomposition/reduction method has
gained considerable attention since this technique offers fine control over the final
particle size, shape, and crystal structure compared to other methods and is scalable
[33, 34]. Monodispersed MNS are formed due to the reaction conditions that yield a
quick nucleation step followed by slower growth phase. However, the reaction
occurs in organic solvent containing hydrophobic stabilizers, which requires
additional surface modifications to the MNS to impart aqueous stability.

Here, we discuss different types of MNS synthesized using chemical methods
and their magnetic properties. Table 1 summarizes different MNS core materials,
their magnetic properties, and r2 relaxivity.

2.1 Ferrite MNS

Fe3O4 MNS are extensively used in biomedicine because of their biocompatibility
and ease of synthesis [47, 48]. The magnetic moment of superparamagnetic Fe3O4

MNS is dependent on the size with smaller particles producing lower magnetic
moments [49]. Hence, the size of Fe3O4 MNS can be tuned by changing the
reaction conditions such as reflux temperature, reflux time, and heating rate. The
magnetic moment of Fe3O4 MNS was tuned from 25 to 43, 80, and 102 emu/(g Fe)
with change in the size from 4, 6, 9, and 12 nm, respectively (resulting in r2 values
of 78, 106, 130, and 218 mM−1 s−1) [27]. Further, the magnetic moment of Fe3O4

MNS can be modified by doping transition divalent metal ions (Co2+, Ni2+, Mn2+,
and Zn2+). By adding different metal precursors during Fe3O4 synthesis, mono-
disperse MFe2O4 MNS were synthesized [38]. The metal ferrite nanostructures
have an inverse spinel crystal structure composed of face-centered cubic packed
lattice of oxygen atoms with octahedral sites (Oh) occupied by Fe3+ and M2+ ions
and tetrahedral sites (Td) occupied by Fe3+ ions (Fig. 4a). The magnetic spins of the
ions at the Oh and Th sites align opposite to each other. Hence the spins of Fe

3+ ions
at Oh and Th cancel each other and net magnetization of MFe2O4 MNS is decided
by magnetic moment of M2+ ions (Fig. 4b). The magnetization of NiFe2O4,
CoFe2O4, Fe3O4, and MnFe2O4 were found to be 85, 99, 101, 110 (emu/g metal
ions), respectively, depending upon the magnetic moments of the M2+ ions. This
resulted in r2 values of 152, 172, 218, and 358 mM−1 s−1 (Fig. 4c) [38].
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Interestingly, doping of nonmagnetic Zn in Fe3O4 and MnFe2O4 MNS resulted
in (ZnxFe1−x)Fe2O4 and (ZnxMn1−x)Fe2O4 MNS, respectively, that exhibit extre-
mely high net magnetic moment and r2 relaxivity [42]. The magnetization of
(ZnxMn1−x)Fe2O4 was dependent on the Zn doping level and were found to be 125,
140, 154, 166, 175, and 137 emu/g metal ions for x = 0, 0.1, 0.2, 0.3, 0.4, and 0.8,
respectively, resulting in the r2 values of 422, 516, 637, 754, 860, and
388 mM−1 s−1, respectively (Fig. 5). The r2 value for Zn0.4Mn0.6Fe2O4 MNS is the
maximum r2 value of reported to date for MNS [42], eight times higher than r2 of
Feridex [36]. (ZnxFe1−x)Fe2O4 MNS exhibited a similar trend, but the magnetiza-
tion and r2 values were slightly lower than (ZnxMn1−x)Fe2O4 MNS (Fig. 5) [42].

Table 1 Summary of MNS with core diameter, surface coating, magnetic properties, and r2
relaxivity

MNS core material Core
diameter
(nm)

Surface
coating

Magnetic
moment
(emu/g)

B0

(T)
r2
(mM−1 s−1)

References

Fe3O4 (Resovist) 4 Carboxy-
Dextran

N/A 1.5 186 [35]

Fe3O4 (Feridex) 5 Dextran 45 1.5 120 [36]

Dy-SiO2-(Fe3O4)n 9 DMSA N/A 9.4 397 [37]

Fe3O4 4–12 DMSA 25-101 1.5 78–218 [38]

Fe3O4 12 Nitrodopa-
PEG600

N/A 1.5 396 Unpublished

Fe3O4 14 DSPE-
mPEG1000

N/A 0.47 385 [39]

Fe3O4 58 DSPE-
mPEG2000

132 1.5 324 [40]

MnFe2O4 6–12 DMSA 68–110 1.5 208–358 [38]

CoFe2O4 12 DMSA 99 1.5 172 [38]

NiFe2O4 12 DMSA 85 1.5 152 [38]

Zn0.34Fe0.66OFe2O3 5 DSPE-PEG 54.1 0.55 34.7 [41]

Zn0.4Fe0.6Fe2O4 15 DMSA 161 4.5 687 [42]

Zn0.4Mn0.6Fe2O4 15 DMSA 175 4.5 860 [42]

Fe40Co60 7 Phospholipid-
PEG

215 1.5 644 [43]

Fe/Fe3O4 15 OAm-PEG 164 3 220 [44]

Fe/Fe3O4 16 DMSA 139 1.5 312 [45]

Fe/MnFe2O4 16 DMSA 149 0.47 356 [46]

r2 transverse relaxivity; B0 magnetic field strength; DSPE-PEG 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)]; DMSA 2,3-dimercaptosuccinic acid;
OAm-PEG oleylamine-α,ω-bis(2-carboxyethyl)poly(ethylene glycol)
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2.2 Metallic MNS

MNS based on transition metals of Fe, Co, Ni, and their alloys have higher mag-
netic moments than their oxide counterparts [44, 50–53]. Saturation magnetization
of bulk FeCo (240 emu/g) and Fe (218 emu/g) is particularly high compared to bulk
Fe3O4 (90 emu/g). Using the same mass of metallic MNS would then produce a far
greater impact than their oxide counterparts, improving the T2 contrast enhancement
and therapeutic efficacy of drug delivery. However, the metallic MNS carries their

Fig. 4 MFe2O4 (where M = Mn, Fe, Co, Ni) MNS with inverse spinel structure and its magnetic
spin alignments. The mass magnetization values and r2 relaxivity values of MFe2O4 MNS are
proportional to the magnetic moments of the divalent ions (M2+) [38]

Fig. 5 Saturation magnetization and r2 relaxivity (at 4.5 T) of (ZnxMn1−x)Fe2O4 MNS at different
Zn2+ doping levels. The (ZnxMn1−x)Fe2O4 MNS showed significantly high r2 relaxivities
compared to conventional iron oxide MNS [42]
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own set of disadvantages like chemical instability, leaching of the noniron ele-
ments, and toxicity that renders them questionable for in vivo applications [9, 53,
54]. In addition, these pure metal nanoparticles are also ferromagnetic at room
temperature, rather than superparamagnetic. This means that once they are mag-
netized, they will remain that way regardless of whether an external magnetic field
is withdrawn, resulting in an aggregation. A number of reports have been published
demonstrating coatings that prevent aggregation and ensure chemical stability of
metallic MNS. Options under consideration include inert metals, such as Au and
Ag, peptide capping ligands, ferrites, graphite, and silica [43, 44, 52, 55–57]. For
example, after graphitic shell coating, FeCo MNS were stable up to 1 month and
showed very high magnetic moment (215 emu/g) and r2 relaxivity (644 mM−1 s−1),
which is far superior to conventional ferrite MNS [43, 52]. Crystalline Fe3O4 shell
was also used to protect metallic Fe MNS that resulted in Ms and r2 of 164 emu/g
and 220 mM−1 s−1, respectively [44, 56]. Co MNS were coated with Au shell to
provide an inert, biocompatible and stable shell with a well-known surface chem-
istry. Though the bulk saturation magnetization of Co is *160 emu/g, the mea-
sured value was found *100 emu/g after Au coating, which was still higher than
Fe3O4 MNS (75–80 emu/g) [55].

2.3 Multifunctional MNS

Hybrid MNS with two or more different functional units, such as Au–Fe3O4, FePt–
CdS, and Fe2O3–carbon nanotube can be synthesized through seed mediated
growth. In such a heterogeneous nanostructure, each unit exhibits its unique
magnetic, optical, or electronic properties [10, 58–60]. Au–Fe3O4 nanostructures
were prepared that preserved the optical property of Au (plasmonic absorption at
*530 nm) as well as the magnetic property of Fe3O4 MNS (Ms = 80 emu/g) [61].
This approach was extended to prepare semiconductor–metal alloy [62], semi-
conductor–metal oxide [63], and carbon nanotube–metal oxide complex [64]. MNS
have been coupled with a wide range of fluorophores for multimodal imaging
applications [65–67]. Lastly, T1/T2 MRI agent were prepared by conjugating Gd
(III) based chelating agent with MNS [68].

3 Coating and Functionalization of MNS

In order to apply MNS in vitro and subsequently in vivo, the surface needs to be
functionalized so that it; (i) protects against agglomeration; (ii) provides biocom-
patibility and chemical handles for the conjugation of drugs and targeting ligands;
(iii) limits nonspecific cell interactions; and (iv) enhances MNS pharmacokinetics
[69]. A diverse group of organic and inorganic coatings has been investigated
including DMSA [27], PEG [70, 71], dextran [72], chitosan [73], liposomes [74],
gold [75], and silica [76]. MNS coating can be achieved via a number of
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approaches, including in situ coating, post-synthesis adsorption, and post-synthesis
end grafting [15]. Here, we discuss some of the most common coatings, their
methods of attachment, and examples in cancer targeting.

3.1 Poly(Ethylene Glycol) (PEG)

PEG is a neutral and amphiphilic polymer that has been used clinically as excipients
in FDA approved pharmaceutical formulations [77]. PEG coating of MNS improves
their dispersion in biological media and increases blood circulation time since they
are not readily recognized by the reticuloendothelial system (RES) [78]. Lutz et al.
demonstrated in situ coating of PEG onto Fe3O4 MNS under aqueous conditions
[79] while PEG grafting was achieved by single-point chemical anchoring through
different functional groups including silanes [70], phosphate derivatives [80] and
dopamine [81]. Peng and Sun reported ligand exchange with bifunctional PEG with
dopamine [56]. Most recently, nitrodopamine has been proposed as an ultrastable
chemical anchor for MNS [82]. We have developed MNS with high buffer stability
by coating Fe3O4 with bifunctional PEG conjugated with nitrodopamine and car-
boxylate terminal groups [83]. The nirodopamine was covalently attached to the
Fe3O4 surface by one end and the carboxylate group at the other end was kept open
to functionalize with targeting ligands or therapeutic agents.

3.2 Dextran

Dextran is a branched polysaccharide comprised of glucose subunits and is widely
used for MNS coatings because of its biocompatibility and polar interactions
(chelation and hydrogen bonding). Addition of dextran during synthesis of Fe3O4

via the co-precipitation method resulted in dextran coated Fe3O4 MNS [84]. Sub-
sequent iterations of this method produced clinically approved ferumoxtran-10
(AMI-277) and ferumoxides (AMI-25) [85–90]. These two structures have cores of
*5 nm, but differ significantly in dextran coating thickness (20–40 nm vs. 80–
150 nm) which results in varying blood circulation times (24 h for ferumoxtran and
2 h for ferumoxides) [35]. Since the dextran molecules are adhered nonspecifically
through hydroxyl interactions with the iron oxide core, there is always a possibility
of desorption [91]. In order to prevent this, the dextran polymers were chemically
cross-linked on MNS surface [92]. Using this strategy, clinically approved fe-
rumoxytol [93] and ferucarbotran [22] have been synthesized.

3.3 Silica

Silica coating on MNS is popular because of the ease of synthesis and aqueous
stability. By hydrolyzing silica precursors in basic solution, a uniform and thick-
ness-controllable silica coating on MNS was obtained [76, 94, 95]. The silica shell
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have been used as a carrier for anticancer drugs (e.g., paclitaxel) and fluorescent
molecules (e.g., fluorescein isothiocyanate (FITC)) [96]. Imparting additional
functionalities to the silica coating have enabled targeting and labeling function-
ality. By addition of 3-aminopropyl-triethoxysilane (APS) to the silica precursors,
we have coated silica shells with primary amine groups with controlled thickness
[97]. Similarly, by reacting APS with isothiocyanate functionalized fluorescent
dyes, Lu et al. were able to develop fluorescent MNS, a multimodal diagnostic
agent [94]. Currently, silica coated MNS is available as ferumoxil (AMI-121), an
orally ingested T2 contrast agent for delineation of the intestinal loops from adjacent
tissues and organs [21].

4 Pharmacokinetics and Biodistribution

The two most important factors that determine MNS pharmacokinetics are their
surface characteristics and hydrodynamic size [98, 99]. Interplay of these properties
with the reticuloendothelial system (RES) clearance determines plasma lifetime
(blood circulation time). In RES clearance, circulating opsonin proteins adsorb to
MNS surface (opsonization) that are recognized and removed from the bloodstream
by tissue macrophages (Fig. 6). It has been shown that MNS with a hydrodynamic
diameter of 10–100 nm are pharmacokinetically optimal for in vivo applications
[100]. MNS smaller than 10 nm are subject to tissue extravasation and renal
clearance, whereas those larger than 100 nm are quickly opsonized and eliminated
from the circulation via the RES [31]. Decuzzi et al. produced models suggesting
that within this range, smaller size nanostructures have longer blood circulation
time [101].

Fig. 6 Schematic illustration of RES clearance of MNS. MNS larger than 100 nm are absorbed by
circulating opsonin proteins that are recognized by macrophages and removed from the
bloodstream
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With respect to the surface properties, charge can affect pharmacokinetics of
MNS by enhancing their interactions with the plasma proteins and nontargeted
cells, resulting in short blood circulation time [102]. In addition, hydrophobic
groups on the surface of MNS induce the agglomeration of the MNS upon injec-
tion, leading to rapid removal by the RES. The rate of clearance, however, can be
reduced by modification of MNS surfaces with coatings that resist RES interactions.
As mentioned, surface modification with molecules such as the hydrophilic PEG
has been a hallmark solution to many pharmacokinetic problems, including MNS
[103, 104]. PEG chains linked to MNS reduce opsonization and macrophage uptake
processes through steric repulsion, prolonging their circulation times [78, 105].

MNS biodistribution and cell uptake is significantly influenced by their physi-
cochemical properties [99, 106, 107]. For example, it has been reported that MNS
smaller than 150 nm accumulates in the bone marrow, heart, kidney, and stomach
[108] while MNS larger than 150 nm are found in the liver and spleen [109].
Villanueva et al. showed that the charge and nature of surface functionalizing
molecules on MNS affected their uptake of cancer cells [110]. They found that cells
had effective uptake of positively charged aminodextran-MNS, minimal uptake of
neutral charged dextran coated MNS, and low uptake of negatively charged
DMSA-coated MNS [110]. Chouly et al. have found that negatively charged MNS
gets opsonized quicker than neutral MNS and had greater liver uptake [99].

5 Targeting of MNS to Localized Cancer Tumors

The targeting of MNS for selected tumor tissues is critical in both diagnostic
imaging and therapeutics [5, 10, 11]. Since nonspecific cell binding can place
healthy tissue at risk, MNS have been engineered to target tumor tissues through
passive and active targeting approaches.

5.1 Passive Targeting

Passive targeting uses the predetermined physicochemical properties of MNS to
specifically migrate to selected tissues. The most common example of passive
targeting is the enhanced permeability and retention (EPR) effect where MNS
smaller than 200 nm can accumulate in many tumor tissues passively in solid
tumors [111]. The compromised vasculature of a solid tumor facilitates passive
MNS extravasation from the circulation into the tumor interstitium (Fig. 7) [112].
By contrast, endothelial cells of normal tissue vessels are closely packed and
present a barrier for MNS penetration. However, passive targeting is limited to
specific tumors since success of EPR effect depends on a number of factors such as
lymphatic drainage rate, degree of capillary disorder, and blood flow which varies
in different tumor types [113, 114].
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5.2 Active Targeting with Targeting Agents

Because passive targeting is available for only certain types of tumors and does not
necessarily guarantee internalization of MNS by targeted cells, MNS can be
modified with tumor-selective agents to employ active targeting [115, 116]. These
agents are complementary to unique receptors that are overexpressed or present on
tumor cells. A variety of targeting agents have been used for MNS, depending on
the specific target, and these are reviewed elsewhere [5, 10]. Some of the studies
include: small organic molecules [115, 117, 118], peptides [119], proteins [120],
and antibodies [27]. The density and molecular organization of these ligands sig-
nificantly influence MNS binding to target cells due to the multivalency phenom-
enon [121]. Some of the targeting agents can be used to facilitate MNS
internalization into cells, primarily via endocytosis [5]. However, synthesis of these
targeting agents is expensive and involves complicated chemistry. Therefore, the
process of scaling up the synthesis is challenging and may be a hurdle for clinical
applications.

5.3 Active Targeting with External Magnetic Field

Accumulation of MNS can be realized by applying external magnetic field on the
target site, a unique feature for MNS. Magnetic targeting has been studied for a
number of tumor models [122, 123]. This technique was successfully implemented
in a clinical trial to deliver the chemotherapeutic, doxorubicin, to hepatocarcinoma
cells [124]. David et al. have explored magnetic targeting to brain tumors with PEI
functionalized MNS [102, 122]. While successful, the efficacy of magnetic

Fig. 7 Passive targeting of MNS via enhanced permeability and retention (EPR) effect. The
compromised vasculature of a solid tumor facilitates extravasation of MNS of size less than
200 nm from the circulation into the tumor interstitium, while endothelial cells are closely packed
and present a barrier for MNS penetration
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targeting is limited to target tissue that is close to the body’s surface, since the
magnetic field strength decreases with the distance from the magnetic source.

6 MNS for Diagnostic Imaging of Cancer

The diagnostic imaging applications of MNS have been realized as T2 contrast
agents in MR imaging over the past 20 years [13–15, 28, 125]. Owing to their
significant deposition in liver, several MNS-based clinically approved T2 contrast
agents (Feridex I.V.®, Resovist®, and Gastromark®) have been used for liver
imaging of humans [21, 22]. In order to extend MR visibility to image tumor at
other parts, targeting agents have been coupled to MNS [85]. For example, Arte-
mov et al. used Fe3O4 MNS conjugated with biotinylated Her-2/neu antibody
Herceptin to generate strong T2 contrast in breast cancer cell lines (AU-565, MCF-
7, and MDA-MB-231) overexpressed with tyrosine kinase Her-2/neu receptors
[126]. Contrast observed in MR images was found to be proportional to the
expression level of kinase her-2/neu receptors for the given cell lines. Gao et al.
successfully performed targeted MR imaging of human colon carcinoma xenograft
tumors in mice by conjugating a cancer-targeting antibody (rch 24 mAb), to an
11 nm Fe3O4 MNS [127]. T2 and T2*-weighted MR images acquired before and
after injection showed that the tumor site turned dark as early as 10 min after the
injection of the rch 24 mAb conjugates and became darker and bigger until 24 h. In
contrast, the Fe3O4 MNS without rch 24 mAb showed nearly no variation after
injection [127]. Sun et al. reported c(RGDyK) peptide-coated Fe3O4 MNS and
demonstrated their in vivo tumor-specific targeting capability [128]. When
administrated intravenously in a mice bearing U87MG tumors, the c(RGDyK)
peptide-coated Fe3O4 MNS accumulated preferentially in the integrin αvβ3-rich
tumor area resulting in a significant drop in the tumor MR signal intensity [128].

Other than target-specific molecular imaging, MNS-based contrast agents have
been used in MRI for cell-based therapy since cells must be tracked in vivo to
optimize cell therapy [129–134]. MRI-based immune cell tracking using MNS has
been applied to many types of preclinical studies, such as tumor targeting of
cytotoxic T cells and natural killer cells [135, 136], organ-specific targeting of
autoimmune T cells [137], and neural stem cells [138]. De Vries et al. have shown
that in vivo magnetic resonance tracking of MNS labeled dendritic cells is feasible
in humans in conjunction with detailed anatomical information in melanoma
patients. In contrast to scintigraphic imaging, MRI allowed assessment of the
accuracy of dendritic cell delivery and of inter- and intranodal cell migration pat-
terns [139–143]. Recently, Bulte et al. evaluated the long-term clinical tracking of
MNS labeled stem cells after intracerebroventricular transplantation in an 18-
month-old patient with global cerebral ischemia [144]. Twenty-four hours post-
transplantation, MRI was able to detect hypointense cells in the occipital horn of the
lateral ventricle. The signal gradually decreased over 4 months and became
undetectable at 33 months.
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To improve T2 contrast for advanced MR imaging, researchers have been
studying various parameters that affect the r2 relaxivity of MNS. In the following
sections, we discuss the parameters that have improved T2 contrast of MNS for
cancer diagnostic imaging. They have been divided into four categories; (i) size,
shape, and composition control; (ii) nanoassembly of MNS; (iii) coating of MNS;
and (iv) MNS with metal core.

6.1 Size, Shape, and Composition Control

According to Eq. 1, the R2 of MNS is proportional to saturation magnetization and
volume. Since the saturation magnetization of an MNS is proportional to its size
due to surface spin-canting effects, the r2 value of MNS can be increased by
increasing the size of MNS. However, for biological imaging applications, the
hydrodynamic size of MNS should be below 100 nm in order to have longer
circulation times and to avoid nonspecific uptake [145]. Cheon et al. investigated
the size effect where Fe3O4 MNS of diameter 4, 6, 9, and 12 nm resulted in the r2
relaxivity of 78, 106, 130, and 218 mM−1 s−1, respectively (Fig. 8). The MR
contrast changed from light gray to black or from red to blue in color-coded images
(Fig. 8) [27]. The 9 nm Fe3O4 MNS conjugated with Herceptin was used to image a
breast cancer cell line, SK-BR-3, which possesses overexpressed HER2/neu cancer
markers. Herceptin was selected due to its specific binding properties against a
HER2/neu receptor. In the T2-weighted MR images, treatment of 9 nm Fe3O4

MNS-Herceptin probe conjugates to the SK-BR03 breast cancer cell lines resulted
in the significant negative contrast of the MR images compared to nontreated cell
lines [27]. Chen et al. studied the size effect of polyvinylpyrrolidone (PVP)-coated
Fe3O4 MNS (core size 8, 23, 37, and 65) on MRI of hepatic lesions in vivo [146].
PVP-Fe3O4 MNS with core size 37 and 65 nm showed higher r2 relaxivity (239 and
248 mM−1 s−1, respectively) compared to other sizes. When administered in nude
mice bearing orthotopic Huh7 liver cancer, PVP-Fe3O4 MNS with 37 nm core size
showed higher contrast change compared to Feridex in T2 and T2* weighted MR
images [146].

The change in shape of the MNS has been used to increase r2 relaxivity. We
reported size and shape effects of CoFe2O4 MNS on their r2 relaxivity. Spherical
CoFe2O4 MNS of various sizes were synthesized via seed mediated growth method,
while faceted irregular CoFe2O4 MNS were synthesized via the same method but in
the presence of a magnetic field [147]. While the r2 relaxivity coefficient of
CoFe2O4 MNS increased with an increase in size for spherical particles, faceted
CoFe2O4 MNS showed higher r2 relaxivity than spherical CoFe2O4 MNS [147].
Recently, Gao et al. reported octapod shape Fe3O4 MNS that exhibited highest
relaxivity of 679.3+/30 mM−1 s−1 for Fe3O4 and demonstrated in vivo imaging and
tumor detection [148].

As discussed earlier, the magnetization (and hence r2) of MNS can be influenced
by doping with magnetically susceptible elements. The effect of metal doping on
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the r2 relaxivity was investigated for MFe2O4 in which Fe2+ ions were replaced by
other transition metal dopants (Mn2+, Zn2+, Ni2+, and Co2+). The r2 of 12 nm
MnFe2O4 MNS was observed 358 mM−1 s−1 compared to 218 and 62 mM−1 s−1

from 12 nm Fe3O4 and dextran coated cross-linked 4 nm Fe3O4 (CLIO) MNS,
respectively (Fig. 9) [38]. This increased MR contrast enhancement was tested to
detect breast and ovarian cancer tumor in mice after Herceptin conjugation and
intravenous injection (Fig. 9) [38]. MnFe2O4-Herceptin conjugates produced higher
contrast than CLIO-Herceptin conjugates at the tumor site after 2 h (Fig. 9 a–d).
Quantitatively, r2 increase up to 34 % was observed for MnFe2O4-Herceptin

Fig. 8 Size effects of Fe3O4 MNS on r2 relaxivity. a TEM images, b saturation magnetization
values, c T2-weighted MR images (top black and white, bottom color), and d the r2 relaxivity
values of 4, 6, 9, and 12 nm sized Fe3O4 MNS. The r2 relaxivity value increased with size of
Fe3O4 MNS which resulted in the T2 contrast change from light gray to black in T2 weighted MR
images or from red to blue in the corresponding color-coded images. Reprinted with permission
from [27]. Copyright 2005 American Chemical Society
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conjugates in comparison to 5 and 13 % for CLIO-Herceptin conjugates and 12 nm
Fe3O4-Herceptin conjugates, respectively (Fig. 9 e,f).

6.2 Nanoassembly of the MNS

Nanoassembly of MNS made up of numerous MNS have shown to increase r2
relaxivity since an individual MNS in the nanoassembly is more efficient at
dephasing the spins of the surrounding water protons [149]. For example, Feridex
exhibits much higher r2 relaxivity than monocrystalline iron oxide MNS because
Feridex consists of several iron oxide nanoparticles embedded in a dextran shell
[36]. Advances in chemical synthesis have enabled the preparation of nanoas-
semblies of tunable size and shape. Fe3O4 MNS have been assembled on dye-doped
mesoporous silica nanoparticles (Fig. 10a) [37, 150]. The r2 value of Fe3O4 coated
silica nanoparticles was 2.8 times higher than that of well-dispersed Fe3O4 nano-
particles (Fig. 10b) [150]. After subcutaneous injection into each dorsal shoulder of
a nude mouse, MCF-7 cells labeled with Fe3O4-MNS were clearly detected as a
dark volume of subcutaneous tumor in the T2-weighted MR image, while the

Fig. 9 In vivoMRdetection of cancer in amouse implantedwith the cancer cell lineNIH3T6.7 using
12 nm MnFe2O4, 12 nm Fe3O4 and dextran coated cross-linked 4 nm Fe3O4 (CLIO) MNS.
T2-weighted MR images of the mouse (a) before injection, (b) after 1 h injection, and (c) after 2 h
injection of MnFe2O4 in comparison to (d) after 2 h injection of CLIO. MnFe2O4-Herceptin
conjugates produced higher contrast thanCLIO-Herceptin conjugates at the tumor site after 2 h. ePlot
ofR2 change versus time. Increase inR2 up to 34%was observed forMnFe2O4-Herceptin conjugates
in comparison to 5 and 13 % for CLIO-Herceptin conjugate (dots) and 12 nm Fe3O4-Herceptin
conjugates, respectively. fChange inR2 values was confirmed in the ex vivoMR images of explanted
tumors (8 h). Reprinted with permission from [38]. Copyright 2007 Nature Publishing Group
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unlabeled MCF-7 cells did not show any MR contrast enhancement [150]. We have
demonstrated controlled assembly of 6 nm amine functionalized Fe3O4 MNS [151].
The size of aggregates was*40 nm and the r2 value was 315 mM−1 s−1, which was
significantly higher than r2 of monodisperse 6 nm Fe3O4 (*100 mM−1 s−1) [38].

6.3 Coating of MNS

Typically, the role of the MNS coating is to provide stability, biocompatibility, and
enhanced blood circulation times. In addition, the coating on MNS affect the r2
relaxivity since it can increase the residence time of the surrounding water
molecules by forming hydrogen bonds [152]. For example, polyethylene glycol
(PEG) is one of the most common coatings that is used to make MNS stable in
aqueous/biological media. Each ethylene glycol subunit in the PEG associates with
two or three water molecules which slows water diffusion, resulting in a high r2
relaxivity [152].

We have developed MNS with Fe3O4 core and PEG coating that shows excellent
buffer stability [83]. It was found that the PEG coating not only provides stability
but the thickness of PEG coating also affects the r2 relaxivity of Fe3O4 MNS. The
thickness was varied by changing the molecular weight of PEG that resulted in
different r2 relaxivities. The r2 relaxivity of 12 nm Fe3O4 MNS was found at 160,
194, 277, and 396 mM−1 s−1 when the molecular weight of PEG was 200, 400, 500,

Fig. 10 MR signal enhancement by assembly of Fe3O4 on SiO2 nanoparticles. a Schematic
illustration of the synthetic procedure for Fe3O4 decorated mesoporous silica nanoparticles.
b Relaxivity values and T2 weighted MR image of Fe3O4 decorated SiO2 nanoparticles (Fe3O4-
MSN) and free Fe3O4 nanoparticles. The r2 relaxivity of Fe3O4 decorated SiO2 nanoparticles was
increased by 2.8 times as compared to free Fe3O4 nanoparticles, hence darker signal was observed
in T2 weighted MR image at the same concentration of Fe. Reprinted with permission from Ref.
[150]. Copyright 2010 American Chemical Society
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and 600 Da (Fig. 11). Bao et al. reported different r2 relaxivities for phospholipid
(DSPE)-PEG-coated Fe3O4 MNS by changing their core size (5 and 14 nm) and
PEG length (mol. wt. 550, 750, 1000, 2000, and 5000). The highest r2 value of
385 mM−1 s−1 was obtained for 14 nm Fe3O4 MNS coated with DSPE-PEG1000
[39]. In vivo tumor imaging was done using Fe3O4 MNS (5 and 14 nm) coated with
DSPE-PEG1000 and conjugated with antibodies against mouse VEGFR-1. Tumors
were induced by implanting human U87 glioblastoma cells subcutaneously in the
nude mice. Tail vein injection of the 14 nm Fe3O4 MNS with r2 relaxivity
*385 mM−1 s−1 produced more T2 contrast enhancement of the tumor tissues in
comparison to 5 nm Fe3O4 whose relaxivity was 130 mM−1 s−1.

Silica coating on MNS is another common method to provide aqueous stability. It
has been observed that r2 relaxivity of MNS decreases with increment in silica shell
thickness. Pinho et al. observed a systematic decrease in the r2 relaxivity, from 228 to
23 mM−1 s−1, after coating silica shell up to 20 nm on a 10 nm γ-Fe2O3 MNS [95].
The authors attributed this effect to two regions of silica shell coating, an inner water-
impermeable layer and an outer water-permeable layer. The outer layer provided
colloidal stability while the impermeable layer reduced the interaction between the
MNS and water protons significantly, resulting in a drop in r2 relaxivity.

6.4 MNS with Metal Core

Although MNS with ferrite cores are promising MRI contrast agents, their satu-
ration magnetization can be further improved since a portion of their magnetic spins
cancels each other. MNS with metallic core such as Fe, Co, FeCo, FePt, and CoPt

Fig. 11 r2 relaxivity values of 12 nm nitrodopamine-PEG functionalized Fe3O4 MNS with
molecular weight of PEG 200 (EG2), 400 (EG4), 500 (EG5), and 600 Da (EG6) in comparison to
Ferumoxytol and Ferumoxides (unpublished). It was found that the PEG coating not only provides
stability but the thickness of PEG coating also affects the r2 relaxivity of Fe3O4 MNS. The highest
r2 value of 396 mM−1 s−1 with PEG 600 (EG6) was almost four times that of Feridex
(Ferumoxide)
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exhibit higher saturation magnetization since all their magnetic spins align in one
direction and there is no canceled spin. Saturation magnetization of bulk FeCo and
Fe is 240 and 218 emu/g, respectively compared to 90 emu/g of bulk Fe3O4 MNS.
However, each metallic MNS has a specific limitation as MRI contrast agents. For
example, FePt and CoPt are chemically stable but potentially toxic due to the
possibility of leaching of Pt [153]. Fe, Co, and FeCo nanoparticles are biocom-
patible but are chemically unstable in air and prone to oxidation. To stabilize MNS
with metallic core and maintain their magnetic properties, a number of coatings
have been applied. MNS with Fe core and ferrite shell were reported that exhibited
long-term stability in air [44–46]. Sun et al. reported bcc Fe/Fe3O4 core/shell MNS.
Due to the high magnetization of Fe core, the r2 relaxivity of Fe/Fe3O4 MNS
(220 mM−1 s−1) was found*10 times higher than r2 of Fe3O4 MNS (24 mM−1 s−1)
of the same size and coating [44, 56] and 2 times higher than the typical iron oxide
NP contrast agent Feridex (110 mM−1 s−1). However, no in vitro or in vivo studies
were reported. Weissleder et al. further improved the r2 relaxivity up to
430 mM−1 s−1 by coating MnFe2O4 shell on Fe nanoparticles. The authors intra-
venously injected Fe/MnFe2O4 MNS, Fe3O4 MNS of the same size and cross-
linked iron oxide (CLIO). Taken at 3 h postinjection, the images verified that Fe/
MnFe2O4 MNS resulted in the most significant darkening compared to CLIO and
Fe3O4 MNS [46]. Dai et al. developed FeCo nanoparticles embedded in graphitic
carbon (GC) shell that were discrete, chemically functionalized, and water soluble
as desired for biological applications. Due to the high saturation magnetization,
FeCo/GC MNS exhibited very high r2 values (644 mM−1 s−1). During in vivo
intravascular MR imaging of the blood pool in the rabbit, mesenchymal stem cells
labeled with FeCo/GC MNS showed significantly higher T2 negative contrast
enhancement compared to the ones labeled with Feridex [43, 52].

7 Thermally Activated MNS for Cancer Therapeutics

With the capability to generate thermal energy at targeted areas, MNS can be used
in cancer therapeutics [5, 12, 154]. Compared with photodynamic therapy agents
such as gold and graphene, MNS are advantageous for targets that reside deep
inside the biological system without penetration depth problem. In addition, the fact
that magnetic field causes no adverse effect on biological tissues serves as a dis-
tinctive benefit for noninvasive, in vivo applications.

The use of MNS in cancer therapeutic has been divided into three categories; (i)
magnetic hyperthermia where MNS kill tumor cells via increase in tissue temper-
ature; (ii) chemotherapy where MNS deliver a drug and trigger release at the tumor
site; (iii) biotherapy where MNS are highly effective carrier platforms for bioactive
molecules such as siRNA, oligos, and genes and facilitate transport of biomolecules
in plasma membrane penetration necessary for cell internalization.
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7.1 Magnetic Hyperthermia: MNS as Heat Generators

Targeted MNS can accumulate at the tumor site and increase the tissue temperature
under an external RF field. Since the cancer tissues have higher heat sensitivity than
normal tissues, thermal activation of MNS can be used to selectively kill tumor cells
in the range of 41–47 °C [69]. As mentioned earlier, as MNS with high SAR have
high efficacy for killing cancer cells, a variety of next-generation MNS with high
SAR have been developed [155–157]. (Zn0.4Mn0.6)Fe2O4 MNS have shown high
SAR value of 432 W/g which is *4 times higher than SAR of Feridex (115 W/g).
The high SAR of (Zn0.4Mn0.6)Fe2O4 MNS resulted in 84.4 % death of HeLa cancer
cells in comparison to 13.5 % from Feridex (Fig. 12) [42]. Similarly, 82 % of Hela
cells died when treated with CoFe2O4 MNS with SAR value of 238 W/g at 168 kHz
[158]. Cheon et al. reported a significant increase in the SAR values of MNS by
synthesizing core/shell MNS with hard ferromagnetic core and soft ferromagnetic
shell [159]. Due to the exchange coupling between core and shell of MNS, the core/
shell MNS showed SAR up to 3034 W/g which are an order of magnitude larger
than SAR of conventional ferrite MNS (*300 W/g). Due to the high SAR values,
the therapeutic efficacy of these MNS under RF was found superior to a common
anticancer drug (doxorubicin). The same amounts (75 μg) of MNS and doxorubicin
were injected into the tumor of a nude mice xenografted with cancer cells
(U87MG). The tumor was clearly eliminated in 18 days in the group treated with
the core/shell MNS, while in the doxorubicin-treated group tumor growth slowed
initially, but then regrew after 18 days [159]. Recently, the same group reported Gd
(III) texaphyrins (GdTx) conjugated ZnFe2O4 MNS with SAR of 471 W/g designed

Fig. 12 SAR values and percentage of HeLa cells killed after treatment with (Zn0.4Mn0.6)Fe2O4

MNS or Feridex in AMF. Fluorescence microscopy images of HeLa cells treated with (Zn0.4Mn0.6)
Fe2O4 nanoparticles (or Feridex) and stained with calcein show live cells as green fluorescence.
(Zn0.4Mn0.6)Fe2O4 MNS have shown SAR value of 432 W/g, *4 times higher than SAR of
Feridex (115 W/g) which resulted in 84.4 % death of HeLa cancer cells in comparison to 13.5 %
from Feridex. Reprinted with permission from Ref. [42] Copyright © 2009 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim
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for hyperthermic treatment for apoptosis. This system is a double-effector MNS that
generates heat as well as reactive oxygen species (ROS) which remarkably
increased the degree of apoptotic cell death. Xenograft tumors in mice treated with
the double-effector MNS were eliminated within 8 days whereas the tumor in
untreated mice increased eightfold in 8 days [160].

7.2 Biotherapy: MNS as Carrier for Gene Therapeutics

Gene therapy is a technique that uses DNA and antisense RNA (siRNA) to treat and
prevent disease via gene expression and gene silencing of defective genes [161,
162]. The coupling of nucleic acids with MNS improves the plasma pharmacoki-
netics and plasma membrane penetration of nucleic acids necessary for internali-
zation into cells [162]. MNS designed for gene therapy have been coated with
cationic polymers such as polyethylenimine (PEI), polyamidoamine, or chitosan in
order to conjugate with negatively charged nucleic acids. While the cationic MNS
have shown great success in vitro, their applicability in vivo has been limited
because of toxicity and instability in biological media [163]. Zhang et al. coated
MNS with a copolymer of PEI, PEG, and chitosan (NP-CP-PEI) [164]. The
chitosan and PEG suppressed the PEI toxicity while PEG also provided the sta-
bility. NP-CP-PEI demonstrated an innocuous toxic profile and a high level of
expression of the delivered plasmid DNA in a C6 xenograft mouse model, while
MNS coated with only PEI or chitosan showed high toxicity or low gene trans-
fection efficiency, respectively [164]. The attachment of the targeting ligand,
chlorotoxin (CTX), to NP-CP-PEI enhanced the gene transfection efficiency. His-
tology analysis and confocal microscopy of the C6 xenograft tumor sections
showed more cells expressing GFP in tumors treated with the NP-CP-PEI attached
with CTX compared to NP-CP-PEI without CTX [165]. One alternative to the
cationic coatings was offered by conjugating siRNA to MNS by covalent bonding.
Medarova et al. developed a dual purpose probe for the simultaneous noninvasive
imaging and delivery of siRNAs to tumors. This probe consisted of MNS labeled
with Cy5.5 dye and conjugated to a synthetic siRNA duplex targeting a gene of
interest. With use of model (green fluorescent protein, GFP) and therapeutic (sur-
viving) genes, the authors demonstrated that the targeting and delivery of the probe
could be monitored in vivo by MRI and optical imaging. In addition, they were able
to follow the silencing process by optical imaging and to correlate it with histo-
logical data [86, 87].

7.3 Chemotherapy: MNS as Drug Carrier/Release Trigger
for Chemotherapeutics

Chemotherapy focuses on the treatment of disease through delivery of small
molecule drug formulations [88]. Most of the drugs do not have cell-targeting
capabilities which results in undesirable side effects when internalized by healthy
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cells. The success of MNS in diagnostic imaging has generated considerable
interest in their use as drug delivery vehicles. MNS coatings provide anchor points
to which drug molecules can be coupled. Integrating the drugs into MNS improves
their targeting abilities, limits their side effects, and allows increment of the drug
dosage at the diseased tissue [5, 10]. Currently, several drugs have been combined
with MNS for cancer chemotherapy, including paclitaxel (PTX), doxorubicin
(DOX), and methotrexate (MTX) [89, 90]. The therapeutic moieties can be cova-
lently bonded to MNS with cleavable linkages, encapsulated in the hydrophobic
coating on MNS, or physically absorbed on the surface of MNS.

An ideal drug delivery vehicle should have efficient drug loading and control-
lable drug release. In applications where the drug (such as MTX) has an affinity for
the target cell, it can be advantageous to graft the drug to the surface of the MNS.
Kohler et al. demonstrated covalent attachment of MTX to the surface of a PEG-
coated MNS via a cleavable amide linkage [89]. However, the drug loading
capacity via direct conjugation was found low due to the small number of functional
groups on the surface of MNS. Hollow MNS have been used to increase chemo-
therapeutic efficacy due to higher drug loading capacity [166]. Sun et al. utilized
porous hollow Fe3O4 MNS with 5 times higher cisplatin loading compared to solid
Fe3O4 MNS [167]. Once coupled with Herceptin to the surface, the cisplatin-loaded
hollow NPs targeted breast cancer SK-BR-3 cells with IC50 reaching 2.9 μM, much
lower than 6.8 μM needed for free cisplatin. Labheshwar et al. coated a PEO-PPO
diblock copolymer (Pluronic F127) on oleic acid coated MNS, where a hydro-
phobic region in the oleic acid/PPO layer provided drug loading of 8.2 and 9.5 %
for DOX and PTX, respectively [168]. They found that MNS loaded with both
DOX and PTX in a 1:1 ratio demonstrated highly synergistic antiproliferative
activity in MCF-7 breast cancer cells relative to MNS loaded with only DOX or
PTX.

The thermal energy from MNS has been used as an external trigger for con-
trolled drug release. Thomas et al. loaded mesoporous silica nanoparticles with
DOX and 15 nm (Zn0.4Fe0.6)Fe2O4 MNS and capped the pores with cucurbit [6]
uril that functioned as a heat labile molecular valve [169]. There was no drug
release at the room temperature since the pores of the mesoporous silica remain
capped, but under an external RF field, decapping occurred due to thermal acti-
vation of MNS, releasing most of the drug. In vitro, this controlled drug release
killed 7-times more breast cancer cells. MNS coated with thermally responsive
agents (e.g., hydrogels, thermosensitive polymers, lipids) have been explored where
temperature works as a trigger for drug release [74, 170]. Recently, we reported
poly(N-isopropylacrylamide) encapsulated Fe3O4 MNS in which DOX was loaded
into the hydrogel via absorption. Drug release in presence of RF field was found 2
times higher than in absence of RF field due to thermal activation of MNS. In vitro
localized drug delivery studies of the DOX loaded hydrogel-MNS composite with
HeLa cell lines resulted in more than 80 % cell death under external RF field
compared to 40 % cell death without RF field (Fig. 13) [83].
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8 Summary and Outlook

Magnetic nanostructures (MNS) truly represent a prototypical nanotechnology
platform in the sense that their properties and phenomena are unquestionably size
dependent in the nanoscale regime. Nominal ferrimagnetic behavior of MNS
changes to superparamagnetism below *10–15 nm size scale, which is essential
for colloidal stability of MNS. The perturbations of protons in vicinity of the MNS
provide the essential characteristics for contrast in MRI, while enthalpic contribu-
tions from external RF field generate localized thermal energy for therapeutic
purpose. Thus, the combined theranostic attributes of MNS arise from diagnostic
imaging and thermal therapy combination.

Over and beyond the technical and scientific aspects of theranostic administra-
tion of cancer, MNS also embody the other important attribute of nanotechnology
in terms of complementarity, integration, and synergy of nominally disparate fields
and subjects. For just MNS alone, these subjects and technical themes include:
physics of magnetism, chemistry of synthesis, materials science of structure–
property relationship, surface science of functionalization, biomedical engineering
in MR imaging protocols and RF activation parameters, and the core biology and
medical themes of cancer targeting, diagnostics imaging, and therapy. As a result,
this has brought together scientists, engineers, and clinical practitioners from
diverse backgrounds for more than a decade to advance biomedical sensing,
diagnostics, and therapeutics.

As demonstrated by the examples highlighted in this chapter, remarkable
advances have been made in the recent decade to harness the size, composition, and
size-dependent properties of MNS for cancer diagnostics, diagnostic imaging, and

Fig. 13 a Schematic
illustration of drug
(DOX) release from
thermoresponsive hydrogel-
MNS composite. b Percent
DOX release and cell viability
of HeLa cell lines treated with
the hydrogel-MNS composite
with and without external RF
field [83]
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localized therapy. MNS continue to exhibit realistic potential to address diagnostic
imaging by MRI and localized therapy via thermal activation and/or timed thera-
peutic cargo release. In particular, it has been shown that appropriate choice of
composition, size, and surface functionalization has the potential for synergistic
combination of diagnostics MR imaging and thermally activated therapy.

Despite some promising results obtained so far, including in vivo animal studies,
there are specific challenges for effective use of MNS in humans; the final objective
for any cancer theranostic platform. Regulatory approval for use in humans will
require further and extensive safety and toxicology studies. The composition,
surface properties, drug loading, biodistribution, and pharmacokinetics are the
diverse factors that may affect the toxicity of the MNS in a direct or indirect manner
and need to be understood thoroughly. Limitations also exist for targeting effi-
ciency, the lack of homogeneous MNS penetration, and inadequate delivery of
therapeutics into the tumor volume.

Research is continuing in this regard; including development of new magnetic
core materials with higher relaxivity and thermal activation properties, along with
design of new coating materials to improve the pharmacokinetics, biodistribution,
and biocompatibility. Success with MRI and progress over the past few years offer
considerable prospects for eventual diagnostic and therapeutic translation of MNS
technology. Indeed, several diagnostic clinical trials using MNS have been initiated
over the past few years. The increasing trend toward in vivo studies in animals and
subsequent escalation to clinical trials are expected to help translate MNS from the
laboratory to the clinic.
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Nanodiamond-Based Chemotherapy
and Imaging

Dean Ho

Abstract

The advent of cancer nanomedicine has forged new pathways for the enhanced
imaging and treatment of a broad range of cancers using new classes of
materials. Among the many platforms being developed for drug delivery and
imaging, nanodiamonds (NDs) possess several important attributes that may be
beneficial toward improving the efficacy and safety of cancer nanomedicine
applications. These include the uniquely faceted surfaces of the ND particles that
result in electrostatic properties that mediate enhanced interactions with water
and loaded therapeutic compounds, scalable processing and synthesis param-
eters, versatility as platform carriers, and a spectrum of other characteristics. In
addition, comprehensive in vitro and in vivo studies have demonstrated that NDs
are well tolerated. This chapter will examine several recent studies that have
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harnessed the ND agent as a foundation for both systemic and localized drug
delivery, as well as the marked improvements in magnetic resonance imaging
efficiency that has been observed following ND-contrast agent conjugation. In
addition, insight into the important steps toward bringing the ND translational
pathway to the clinic will be discussed.
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1 Introduction

A broad range of nanomaterials has been previously explored as drug delivery and
imaging platforms for cancer nanomedicine. These have included polymer, carbon,
metallic, and other agents that have demonstrated promise as potential translational
approaches to improve the outcomes of treatment and diagnosis [1–17]. Nanodia-
monds (NDs) can be classified into different domains, each with their unique char-
acteristics that can be harnessed for studies that range from fundamental to
translational in the area of cancer nanomedicine. For example, High Pressure High
Temperature (HPHT) NDs can be embedded with nitrogen vacancies that result in
remarkable photostability and brightness with simultaneously retained biocompati-
bility. As such, HPHT NDs have been widely explored as cellular imaging agents,
and have been utilized in tracking ND fate in C. Elegans and stem cell localization,
among other important studies [18–21]. Another class of ND is the Detonation ND
that possesses diameters of approximately 5 nm per particle, and a truncated octa-
hedral architecture. The facets of detonation NDs result in electrostatic properties that
are conducive to water binding as well as potent drug interactions (Fig. 1).

Furthermore, the versatile chemical properties on the detonation ND surfaces
enable either the conjugation or reversible adsorption of a broad collection of
therapeutic and imaging compounds, depending on the intended application or
indication being addressed [22–25]. Given these interesting properties and findings,
NDs have emerged as promising platforms for drug delivery and imaging, partic-
ularly for applications in cancer, because they have improved the efficacy and
safety of treatment and diagnosis of different types of cancer over conventional
clinical standards via ND-drug synthesis methods that are reliable and scalable.
These complexes were capable of mediating order of magnitude improvements in
per-gadolinium (Per-GD(III)) relaxivity which are among the highest ever reported
values compared to all clinical and nanoparticle agents [26]. In addition, ND-
doxorubicin (NDX) agents are able to bypass drug-resistant breast and liver tumors
to demonstrate marked improvements in tumor reduction capabilities with no
apparent myelosuppression compared to the administration of doxorubicin (Dox)
alone, which is a clinical standard [27].

While NDs come in different shapes and sizes, and both HPHT and detonation
NDs have demonstrated significant promise in the basic and translational devel-
opment domains, this chapter will focus on detonation NDs given that they have
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been extensively studied in preclinical models and proposed as platforms for
magnetic resonance imaging (MRI). Current achievements as well as challenges
toward clinical implementation will be addressed.

2 Nanodiamond Drug Delivery

Among the early demonstrations of the promise of NDs toward applications in
biology and medicine was their use as chemotherapeutic delivery vehicles in vitro
with Dox as the payload as well as other compounds [28–33]. Early studies
demonstrated that while the Dox molecules were bound to the ND surfaces, their
activity was attenuated such that the cytotoxic nature of Dox could potentially be
reduced while adsorbed to the surface. The interactions between the ND surface and

Fig. 1 a–d Nanodiamond surfaces possess versatile chemical–physical properties that can
mediate potent drug binding and marked improvements in MRI contrast efficiency levels.
Reprinted with permission from Nature Publishing Group
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various classes of therapeutic compounds have been studied using various mod-
eling/simulation methods to provide further insight into the unique chemical–
physical properties of the ND facets [34, 35]. This was important in that the
systemic toxicity of Dox can lead to significant side effects including myelosup-
pression, cardiotoxicity, superinfections, as well as mortality.

Therefore, this initial study paved the way for additional work that resulted in the
preclinical validation of NDX safety and efficacy in liver and breast tumor models,
preclinical anthracycline targeting toward TNBC, and localized glioblastoma
therapy. Collectively, these findings have addressed particularly hard-to-treat can-
cers, demonstrating the promise of NDs as broadly applicable drug delivery
platforms.

2.1 Nanodiamond Particles as Systemic Chemotherapeutic
Delivery Agents for Drug-Resistant Breast and Liver
Tumor Treatment

Drug resistance is a pervasive problem in cancer therapy that results in a vast
majority of tumor treatment failure in metastatic cancer cases. Of all of the ND-drug
agents that have been synthesized, ND-anthracycline agents are highly scalable and
they potently bind the drug compounds that result in marked improvements in
efficacy and safety. The ability to rapidly synthesize nanoparticle-tagged drugs that
are too large to be effluxed from a tumor mass, coupled with an ability to prevent
early systemic release and systemic toxicity and off-target effects would represent a
very promising nanomedicine-based route to overcome drug resistance. A recent
study demonstrated that NDX is among the most promising platforms for this
indication due to the remarkably scalable nature of its synthesis protocol. NDX
particles were systemically administered in mice via tail vein injection [27]. Sub-
sequent toxicity measurements of serum IL-6 and serum ALT even at high ND
doses indicated no apparent toxicity, demonstrating that the NDs were well toler-
ated. The impact of NDX injections on myelosuppression was evaluated. NDX
administration resulted in no apparent myelosuppression, while the administration
of Dox alone resulted in marked reductions in white blood cell count below
threshold values. Myelosuppression is the dose-limiting side effect of chemotherapy
and can cause major side effects such as superinfections and patient mortality.

With regard to efficacy, unmodified Dox administration at 100 μg equivalence
resulted in virtually no efficacy. NDX administration at the same dosage equiva-
lence resulted in a marked decrease in tumor size. When the drug dosage equiva-
lence was doubled, unmodified Dox administration resulted in accelerated animal
mortality. When the lethal dosage was delivered via ND, all of the animals sur-
vived, and the tumor treatment efficacy was further enhanced, resulting in the
smallest tumors observed in the study (Fig. 2). This demonstrated that the ND
platform was capable of mediating major improvements to chemotherapeutic tol-
erance [27].
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This initial demonstration of preclinical NDX administration demonstrated that
there was no premature drug elution even with a therapeutic that is bound via
physisorption. This was confirmed by the fact that premature drug release would
have resulted in both apparent myelosuppression due to the circulation of free drug,
as well as no therapeutic efficacy since the Dox would be separate from the ND and
effluxed. The absence of myelosuppression and marked improvements in efficacy
confirmed that potent interaction of NDs with Dox served as an important mediator
of both significantly enhanced efficacy and safety, even in a passively targeted
system.

Fig. 2 Top NDX administration at 100 μg equivalence delays tumor growth compared to Dox
alone. NDX at a doubled equivalent dose results in even further improved efficacy and drug
tolerance. Bottom Unmodified Dox administration results in little to no efficacy given the drug
resistant nature of the breast cancer studied. NDX administration results in markedly reduced
tumor sizes. Reprinted with permission from the American Association for the Advancement of
Science
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2.2 Liposome-Encapsulated Nanodiamonds for Targeted
Triple-Negative Breast Cancer Treatment

The initial validation of NDX systemic administration as an effective strategy for
drug-resistant breast and liver tumor therapy served as a promising passively
targeted approach. The improved drug tolerance and therapeutic efficacy observed
even with the lethal Dox dosage served as a foundation for the continued devel-
opment of NDX toward clinical use. A recent study has synthesized a variation of
the NDX complex in that the Dox compound was replaced with Epi [36]. The
disease model in this study was the MDA-MB-231 triple-negative breast cancer
(TNBC) that has been shown to overexpress the epidermal growth factor receptor
(EGFR) [36]. Therefore, the ND-Epi complexes were encapsulated within lipo-
somes that were surface functionalized with the EGFR antibody (Fig. 3). This
architecture was employed in order to maximize drug loading on the ND surface
due to the fact that the NDX study was able to confirm that the ND-anthracycline
interaction was capable of enhancing intratumoral drug retention to prevent efflux
and improve efficacy, circulatory half-life by a factor of 10, and eliminate myelo-
suppression, among other benefits. These ND-Lipid hybrid particles (NDLPs) thus
served as an actively targeted variation of the ND-anthracycline complexes that
were previously scalably synthesized [36].

NDLP synthesis was accomplished using a rehydration process of lipid thin
films that were comprised of cholesterol and biotinylated lipids and ND solution
[36]. By harnessing biotin–streptavidin chemistry, the anti-EGFR antibodies were
conjugated to the liposome surface. Characterization of NDLP synthesis was done
using a broad range of methodologies including zeta potential analysis and dynamic
light scattering (DLS) in order to assess particle size, Fourier Transform Infrared
Spectroscopy (FTIR), flow cytometry in order to quantify successful NDLP
synthesis and to differentiate the NDLPs from free NDs and lipids, and cryogenic
transmission electron microscopy (cryo-TEM) in order to image NDLP formation.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and enzyme-
linked immunosorbent assay (ELISA) were used to assess lipid presence and
confirm anti-EGFR antibody conjugation, respectively [36].

Comprehensive in vitro assessment of anti-EGFR functionalized NDLP target-
ing efficacy was performed. Epidermal Growth Factor (EGF) flooding studies
resulted in gradually decreasing targeting efficacy as a result of increasing the EGF
concentration which was a demonstration of successful anti-EGFR antibody con-
jugation and targeting abilities. With regard to preclinical efficacy, targeted (anti-
EGFR antibody functionalized) and untargeted NDLP complexes, as well as
phosphate buffered saline (PBS) and unmodified Epi were utilized as test conditions
[36]. Unmodified Epi administration resulted in accelerated animal mortality that
was similarly observed with unmodified Dox administration. Untargeted NDLP
administration immediately improved drug tolerance as early mortality was no
longer observed. Furthermore, tumor growth was clearly delayed. Interestingly, the
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administration of the anti-EGFR functionalized NDLPs resulted in tumor regression
to the point where they were no longer visible, which is a promising finding for
actively targeted ND-chemotherapeutic compounds (Fig. 4).

With regard to ND biocompatibility, this study provided among the most
comprehensive assessments of ND serum and urine toxicity. A broad range of
markers was analyzed including serum ALT, ALK and AST, hematocrit, blood urea
nitrogen (BUN), bilirubin, white blood cell differential, hemoglobin, and red blood
cell counts, among other readouts. In all cases, ND and NDLP administration
resulted in no apparent toxicity that further substantiated the promise of the ND
platform for drug delivery.

Fig. 3 A schematic demonstrates the synthesis of liposome-encapsulated nanodiamonds that are
functionalized with epirubicin. The conjugation of antiepidermal growth factor receptor antibodies
on the particle-enabled TNBC targeting. Image courtesy of Laura Moore
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2.3 Nanodiamond-Based Glioblastoma Therapy

A key barrier to glioblastoma therapy is the need for the therapeutic to traverse the
blood–brain barrier (BBB) [37]. In addition, off-target toxicity is of a major concern
because nonspecific cell death in the central nervous system (CNS) results in irreversible

Fig. 4 Liposome-encapsulated nanodiamond complexes (NDLP-Epi) mediated tumor regression,
while the administration of drug alone resulted in accelerated animal mortality. This study
demonstrated that NDLP-Epi complexes were capable of improving drug tolerance in addition to
efficacy. Reprinted with permission from Wiley-VCH
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damage since CNS neurons do not regenerate. Therefore, localizing drug release to the
specific tumor-containing regions, when relevant, is of particular importance.

While the ability for NDX to cross the BBB should be further investigated, a
recent study that utilized convection-enhanced delivery (CED), the stereotactic
application of a catheter to directly deliver NDX into brain tumors demonstrated
improved tumor localization and clear improvements to treatment efficacy in
multiple tumor models [38]. Specifically, the C6 rodent model and U251MG, an
aggressive human model, were both investigated in a rat model. Initial in vitro
studies demonstrated that NDX retention within both cell lines were improved
compared to free drug administration. In addition Ki67 and caspase studies dem-
onstrated enhanced cancer cell death mediated by NDX administration compared to
free Dox administration. Preclinical retention studies showed that NDX adminis-
tration in the right lobe of the brain resulted in the presence of Dox at the 72 h time
point, while the administration of Dox alone resulted in rapid drug dissipation with
no drug presence at 72 h. Importantly, toxicity studies were conducted to examine
the presence of edema and swelling in the left lobe of the brain following right lobe
administration. While PBS and ND administration in the right lobe resulted in
healthy left lobe, unmodified Dox administration into the right lobe resulted in
significant swelling in the left lobe, serving as an indicator that free Dox admin-
istration could cause major off-target toxicity, even with localized CED adminis-
tration. It should be noted that NDX administration into the right lobe resulted in
healthy left lobe. This was an important finding confirming that Dox could be
confined to the tumor-containing regions of the brain via NDX which may mark-
edly improve the tolerance of CED Dox injection (Fig. 5).

Fig. 5 Nanodiamond-Dox (NDX) administration via CED to treat glioblastoma in a rat model
results in tumor regression compared to unmodified drug administration and controls. This was
further confirmed via tissue staining and apoptosis assays. Reprinted with permission from
Elsevier
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Extensive preclinical studies pertaining to NDX efficacy and safety in both C6
and U251MG were conducted. In the U251MG model, tumors observed following
PBS and ND administration resulted in animal mortality. Dox administration
resulted in an observable reduction in tumor size. However, NDX administration
resulted in a significant lengthening of animal survival and cancer cell apoptosis. In
the C6 model, the control and Dox-only conditions resulted in largely the same
outcomes as those observed in the U251 model. However, NDX administration
resulted in tumor regression to the point where the luciferase signal emitted from
the tumors were no longer observable and pronounced improvements in animal
survival were observed. Hematoxylin and Eosin (H&E) staining showed that the
tumors were virtually undetectable, and TUNEL staining revealed significant
increases in apoptosis mediated by NDX.

CED is being studied as a promising direct drug delivery route via several
clinical trials, and may serve as a strategy for localized ND administration. This
study demonstrated that NDX-mediated glioblastoma therapy may limit drug dis-
sipation to reduce off-target toxicity, while improving intratumoral retention to
mediate tumor regression. Given the importance of preventing drug distribution to
healthy tissue in the CNS, the integration of CED with NDX delivery warrants
further investigation.

2.4 Localized Nanodiamond Drug Delivery

A majority of ND-based drug delivery studies have pertained to systemic admin-
istration, and the potent adsorption of drugs to the ND surface. NDs can also
improve inherent material properties including mechanical robustness, among
others, that can result in improved treatment efficacy and safety [20, 23, 29, 36, 39].
Prior studies have demonstrated the use of scalable parylene thin film devices
embedded with NDX to reduce burst release while preserving drug activity. In this
study, chemical vapor deposition was used to synthesize parylene thin film bases
which were then coated with NDX. A semi-porous layer of parylene was subse-
quently deposited on the NDX and the devices were then removed from the
deposition substrate to result in flexible, “plastic wrap”-like devices [40]. These
microfilm devices may be applicable as localized release platforms to eliminate
residual cancer cells following resection surgeries.

In addition to parylene/ND-based approaches, a recent study served as an
example where ND incorporation into polymer matrices for an ophthalmology
indication was capable of improving several properties simultaneously [41]. A
diamond-embedded chitosan nanogels was used to trigger timolol release using
lysozyme. Timolol is a widely used glaucoma drug, typically administered via
eyedrops. However, due to problems with patient compliance and drug leakage,
adherence to timolol administration schedules is often disrupted. In this work, the
ND nanogels were embedded within contact lenses and drug release profiles were
compared against drug-imprinted lenses and drug-soaked lenses. The soaked and
imprinted lenses mediated burst release which resulted in virtually all of the timolol
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being released within a few hours. The ND-based lenses were able to release the
timolol following lysozyme exposure. This was an important finding in that this may
allow for drug-loaded contact lenses to be stored in liquid with no early or complete
drug release. In addition, lysozyme is an enzyme found in tears that allows for
localized elution only after lens use in the eye. With regard to the contact lens
properties, water content was unaffected, likely due to the unique ND-water inter-
actions. This is important because water content can determine gas permeability of
the lens which influences wear comfort. Furthermore, water content at adequate
levels is required for proper lysozyme access to release timolol. The Young’s
Modulus of the contact lenses was increased as the formation of an ND-based
composite is known to improve the mechanical robustness of the device (Fig. 6).

The aforementioned examples serve as cases where ND incorporation into
polymeric matrices can be used to improve local drug delivery efficacy and safety.
Lysozyme triggering serves as a viable model for future ND-embedded devices to
potentially elute chemotherapeutic compounds following exposure to relevant
stimuli. Finally, as the faceted ND surfaces are capable of coordinating water
molecules, proper stimulus access into the device can be preserved.

3 Nanodiamond-Based Imaging

Nanomaterials are being widely explored as carriers for medical imaging agents
(e.g., positron emission tomography (PET), MRI, etc.) because of their high surface
area-to-volume ratios which can mediate high loading capacities [42]. However, it
is important to note that carriers that can enable imaging agents to function more
efficiently to reduce the dosages required may have unique advantages in the clinic
due to commonly observed toxicity with these imaging probes. The use of NDs as
imaging agents is gaining interest in the diagnostic communities because of recent
work demonstrating per-Gd(III) relaxivity values that are among the highest ever
reported compared to all clinical and nanoparticle-based agents as well as other
studies demonstrating the photostable nature of ND fluorescence as well as
ND-based targeted imaging (Fig. 7) [39, 43–53]. By conjugating Gd(III) to ND

Fig. 6 Nanodiamond-embedded contact lens devices were able to simultaneously mediate
lysozyme-triggered drug release, while also possessing improved mechanical properties and water
content. Reprinted with permission from the American Chemical Society
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surfaces, this study demonstrated a 12-fold increase in per-Gd(III) relaxivity that
may enable one order of magnitude reduction in Gd(III) dosages needed for ade-
quate contrast [26]. This would represent a major advance in medicine, and as such,
NDs continue to receive attention as promising contrast imaging platforms.

4 Assessment of Nanodiamond Safety

As NDs continue to be evaluated as potential drug delivery and imaging agents for
applications in cancer nanomedicine, thorough investigations into material safety
are required using both in vitro and in vivo studies. Initial comparative studies
between varying types of carbon nanomaterials, hemocompatibility studies, and
comprehensive studies investigating inflammatory, apoptotic, and other mechanistic
responses following ND administration have indicated that they are well tolerated
[54–58]. While some recent studies have examined responses such as thrombo-
embolism and embryonic stem cell genetic response, preclinical studies have
indicated that NDs do not exhibit apparent toxicity [59, 60].

More recently, the most comprehensive assessment of ND biocompatibility was
performed in that multiple ND subtypes. These included detonation NDs, HPHT
NDs, amine-functionalized NDs, and anthracycline-functionalized NDs. They were
incubated with multiple cell types and cell death, cell metabolism, apoptosis
induction, gene expression, and drug cytotoxicity attenuation studies were con-
ducted (Fig. 8) [14]. The cell lines that were interrogated included the HeLa and
HepG2 cell lines given the prevalence of HeLa cells as platforms for new drug
testing, and the fact that HepG2 liver cells can serve as readouts for toxicity against
nanomaterial incubation.

Fig. 7 Nanodiamond-Gadolinium(III) complexes mediated a 12-fold enhancement in per-
gadolinium relaxivity. This is among the highest ever reported values compared to all clinical and
nanoparticle-based contrast agents. Reprinted with permission from the American Chemical
Society
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Biocompatibility assays conducted included the XTT cell proliferation assay to
examine cell metabolism, lactate dehydrogenase (LDH) cytotoxicity assay, and
caspase 3/7 apoptotic induction assay. Of note, even high ND dosages (250 μg/ml)
did not result in any apparent toxicity across all ND subtypes in both cell lines.
Transcriptional regulation was probed using quantitative real-time polymerase
chain reaction (qRT-PCR). Genes studied in the HepG2 cell lines included Bax
(pro-apoptotis), c-Myc (antiapoptosis, pro-proliferation), and Ki-67 (pro-prolifera-
tion). In these studies, 25 μg/ml of NDs were incubated with the cells. Bax
expression was not upregulated following exposure with any type of ND, which
indicated that there was no apoptotic response to ND exposure. Downregulation of
c-Myc was not observed following incubation with any subtype of ND, also
demonstrating that the NDs do not promote apoptosis nor do they inhibit cellular
proliferation. Assessing Ki-67 levels also showed that the NDs do not mediate
antiproliferative responses in HepG2 cells. In addition to probing gene expression
levels for the same markers in HeLa cells, COX-2 levels were examined to assess
potential inflammatory responses following ND exposure. Following ND incuba-
tion, no apparent gene expression changes were observed, confirming that the NDs
are well tolerated.

In addition to validating that the NDs do not elicit changes to cell metabolism
and proliferation or mediate cellular apoptosis, additional studies examining the role
of ND sequestering of anthracycline cytotoxicity were performed [14]. More

Fig. 8 a A schematic of the different nanodiamond subtypes examined in the biocompatibility
study is shown. These include detonation nanodiamonds (dND), amine-functionalized nanodia-
monds (aND), fluorescence nanodiamonds (fND), and nanodiamond–daunorubicin complexes
(ND-DNR). b Dispersed solutions of all tested ND subtypes are shown. Reprinted with permission
from the Royal Society of Chemistry
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specifically, the daunorubicin (DNR) chemotherapeutic was loaded onto the NDs
and XTT, LDH, and Caspase assays were performed on both the HeLa and HepG2
cells to compare the impact of ND-DNR and free DNR administration. These
studies showed that ND-DNR delivery resulted in reduced cell death, increased
cellular proliferation, and reduced cellular apoptosis compared to free drug
administration.

Preclinical studies have provided significant insight into the fate and toxicity of
NDs as well as ND tolerance even at high doses [36, 61]. As previously mentioned,
the NDLP study provided the most comprehensive preclinical demonstrations that
NDs are well tolerated following systemic injections and both comprehensive
blood, and urinalysis, did not reveal any apparent changes to key markers for
toxicity. Future studies involving larger animal models (e.g., nonhuman primates,
etc.) will serve as vital precursors to potential clinical validation.

5 Challenges and Steps Toward Translation

The significant advances demonstrated thus far by the collection of nanomaterials
being engineered for applications in cancer nanomedicine may open new doors for
changing the way that cancer is treated and diagnosed. Before the widespread
implementation of cancer nanomedicine in the clinic is realized, several important
steps remain to be addressed. These include areas such as engineering that nano-
material synthesis and processing are compliant with chemistry, manufacturing and
controls (CMC) standards, good laboratory practice (GLP), and good manufac-
turing practice (GMP) guidelines, among other important considerations. Further-
more, as the U.S. Food and Drug Administration (FDA) and other international
agencies (e.g., European Medicines Agency, Pharmaceutical and Medical Devices
Agency of Japan) continue to develop streamlined regulatory pathway guidances
for the approvals of nanomedicine-based therapeutic and imaging drugs, more
nanomedicine-based constructs may transition from the benchtop toward the clinic
to ultimately improve patient—treatment outcomes.

6 Concluding Remarks

Nanodiamonds combine many properties that are favorable for both drug delivery
and imaging into a united platform. These include a faceted truncated octahedral
architecture with unique electrostatic properties that can mediate potent drug and
water binding properties to improve both drug retention and efficacy as well as MRI
contrast efficiency. Both passively and actively targeted drug delivery studies have
resulted in delayed tumor growth as well as tumor regression. Significantly, ND-
drug complexes have mediated tumor treatment with improved safety profiles when
compared to clinical standards. From breast, liver and brain cancer therapy, to MR
imaging applications, the future of ND development for cancer nanomedicine is
certainly promising.
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Theranostic Lipid Nanoparticles
for Cancer Medicine

Danielle M. Charron, Juan Chen and Gang Zheng

Abstract

Disease heterogeneity within and between patients necessitates a patient-focused
approach to cancer treatment. This exigency forms the basis for the medical
practice termed personalized medicine. An emerging, important component of
personalized medicine is theranostics. Theranostics describes the co-delivery of
therapeutic and imaging agents in a single formulation. Co-delivery enables
noninvasive, real-time visualization of drug fate, including drug pharmacoki-
netic and biodistribution profiles and intratumoral accumulation. These techno-
logical advances assist drug development and ultimately may translate to
improved treatment planning at the bedside. Nanocarriers are advantageous for
theranostics as their size and versatility enables integration of multiple functional
components in a single platform. This chapter focuses on recent developments in
advanced lipid theranostic nanomedicine from the perspective of the “all-in-one”
or the “one-for-all” approach. The design paradigm of “all-in-one” is the most
common approach for assembling theranostic lipid nanoparticles, where the
advantages of theranostics are achieved by combining multiple components that
each possesses a specific singular function for therapeutic activity or imaging
contrast. We will review lipoprotein nanoparticles and liposomes as represen-
tatives of the “all-in-one” approach. Complementary to the “all-in-one” approach
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is the emerging paradigm of the “one-for-all” approach where nanoparticle
components are intrinsically multifunctional. We will discuss the “one-for-all”
approach using porphysomes as a representative. We will further discuss how
the concept of “one-for-all” might overcome the regulatory hurdles facing
theranostic lipid nanomedicine.
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1 Introduction

Every individual is unique, so unsurprisingly the nature of disease is likewise
diverse. Personalized medicine is a patient-focused approach to administering the
appropriate therapy for the individual, to the correct location in the body, at the
most beneficial time. Recent advances in scientific, technical, and medical research
together bring the concept of personalized medicine to the clinic. Genetic and
molecular profiling now offer detailed assessment of disease and metrics to predict
response to therapy. Targeted and focal therapies provide the clinician with the
means to combat the identified disease appropriately. Noninvasive imaging
modalities such as magnetic resonance imaging (MRI), computed tomography
(CT), ultrasound imaging, positron emission tomography (PET), single photon
emission computed tomography (SPECT), fluorescence imaging, and photoacoustic
imaging (PAI) are useful tools for understanding signaling pathways and funda-
mental biological processes at the cellular and molecular level, diagnosing disease,
delineating tumors, monitoring physiological responses to therapy, and evaluating
drug efficacy longitudinally. Together, these tools enable clinicians to address the
heterogeneity of disease within and between patients. There are many compre-
hensive reviews of the different imaging modalities [1, 2]. A brief summary of their
key characteristics is listed in Table 1.
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As cancer research pushes toward the goal of personalized medicine, thera-
nostics will play an increasingly important role [3]. Theranostics is the co-delivery
of therapeutic and imaging agents in a single formulation [4, 5]. In this way the
drug and contrast agent share the same pharmacokinetic and biodistribution pro-
files, and therefore imaging provides an accurate assessment of drug distribution.
Regarding theranostics, drug delivery is not a black box having injected dose as
input and clearance rate as output. Imaging functionality can quantify the intratu-
moral drug dose [6], specify the activation state of a therapeutically shielded drug
[7], and indicate the intracellular uptake pathway [8]. Nanocarriers offer many
advantages for drug delivery and theranostics compared to molecular systems.
Encapsulation of molecular theranostic agents in nanocarriers protects them from
serum degradation and rapid renal clearance, and enables the use of hydrophobic
agents. It is widely recognized that nanoparticle encapsulation passively improves
tumour targeting based on the enhanced permeability and retention (EPR) effect
[9–11]. In addition, nanoparticle size and surface composition may be designed to
avoid protein adsorption and removal by the reticuloendothelial system (RES),
prolonging blood circulation, and increasing the probability of tumour uptake

Table 1 Comparison of clinical imaging modalities used in nanotheranostics

Modality Signal Contrast agent Sensitivity
[1] (mol label)

Resolution
[1]

Tissue
penetration

Risk

Primarily morphological/anatomical imaging modalities

MRI Magnetic
fields

Gadolinium,
iron oxide
nanoparticles

10−9–10−6 50 µm Unlimited Harmless

CT X-rays Iodine 10−6 50 µm Unlimited Radiation

US Acoustic
waves

Microbubbles 10−8 50 µm Unlimited Harmless

Primarily molecular imaging modalities

PET Positrons
from
radionuclides

Positron-
emitting
radionuclides
(e.g., 18F, 64Cu,
124I)

10−15 1–2 mm Unlimited Radiation

SPECT γ-rays Single photon-
emitting
radionuclides
(e.g., 99mTc,
67Ga, 111In)

10−14 1–2 mm Unlimited Radiation

Fluorescence
imaging

Light (NIR) Fluorescent
probes

10−12 1–2 mm 3 mm Harmless

PAI Acoustic
waves

Probes that
absorb light
and emit heat

10−12 50 µm 7 cm Harmless

MR magnetic resonance; CT computed tomography; US ultrasound imaging; PET positron emission
tomography; SPECT single photon emission computed tomography; NIR near-infrared; PAI
photoacoustic imaging
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[12–15]. The targets of many chemotherapeutics (e.g., doxorubicin (dox), siRNA,
Photofrin®) are intracellular; therefore, drug efficacy is dependent on its ability to
enter the target cell. Conjugation of molecular therapeutics to targeting agents such
as antibodies enhances both intracellular uptake and selectivity for tumour cells
over normal cells [16, 17]. However, to maintain tumour-targeting functionality the
number of therapeutic agents that can be loaded on each targeting moiety is low,
and labeling can interfere with therapeutic activity. In contrast, a large number of
therapeutics can be encapsulated in a single targeted nanoparticle, significantly
increasing the quantity of drug delivered during each internalization event. High
loading capacity for imaging agents also improves imaging contrast, and is par-
ticularly advantageous for modalities with low sensitivity such as MRI and CT.
Environmental factors can also be used to differentiate tumour cells from normal
cells. These factors may be internal to the tumour microenvironment (e.g., tumour
acidity), or external conditions locally applied to the tumour region (e.g., light
exposure). Stimuli-responsive nanoparticles are designed to respond to these
environmental factors and enhance payload release [18–21]. In theranostics,
actively targeted or stimuli-responsive nanoparticles are called “smart delivery” or
“activatable” systems [20]. During systemic circulation, the nanoparticles are
therapeutically shielded and imaging functionally silenced to minimize off-target
effects and background noise. In the tumour region, the drug and imaging agent are
released or activated. With nanotechnology, it is possible to integrate multiple
properties in a single platform, including passive targeting, target-triggered acti-
vatable release, multimodal imaging, and therapy capabilities. Recent advances in
the technological capabilities of nanotheranostic systems impact drug development
as well as treatment planning at the patient bedside (Fig. 1). For example, real-time
imaging of drug accumulation in the tumour region may be used to optimize drug
formulation during the research and development stage, as well as to predict patient
response to an administered drug dose.

Fig. 1 Recent technological advances in nanotheranostics and their clinical applications for drug
development and treatment planning
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Various nanocarriers have been investigated for theranostics, including lipid
nanoparticles, polymer conjugates, micelles, and dendrimers, as well as inorganic
nanoparticles such as silica, gold, quantum dots, iron oxide, and carbon nanotubes
[22–24]. Among them, lipid nanoparticles are in the most advanced stage of
development and have shown favorable biocompatibility and biodegradation in
comparison to inorganic nanoparticles [25]. Extensive knowledge has been obtained
on the exploitation of these platforms for cancer therapy, particularly for their ability
to enhance therapeutic efficacy over free drugs through improved encapsulation,
prolonged circulation half-life, and sustained or triggered release [16, 26–28]. This
chapter focuses on recent developments in advanced lipid theranostic nanomedicine
from the perspective of the “all-in-one” or the “one-for-all” approach.

2 Engineering Theranostic Lipid Nanoparticles
by Assembling Multiple Functional
Components—The “All-in-One” Approach

The design paradigm of “all-in-one” is the most common approach for assembling
multifunctional lipid nanoparticles, where the advantages of multifunctionality and
theranostics are achieved by combining multiple components that each possesses a
specific singular function, such as therapeutic activity, imaging contrast, targeting,
clearance avoidance, and triggered drug release. Here, we will review lipoprotein
nanoparticles and liposomes as representatives of the “all-in-one” approach.

2.1 Lipoprotein Theranostics

Lipoproteins are normally comprised of a hydrophobic lipid core and an outer shell
of phospholipids and amphipathic apolipoproteins that confer water solubility and
precise size control [29]. As natural cholesterol transporters, lipoproteins integrate
many advantages for drug delivery [30–36]. For example:

1. As endogenous carriers, they can escape recognition as foreign entities by the
human immune system and clearance by RES [37].

2. Their long blood circulation time provides favorable systemic drug delivery
without the need for a polyethylene glycol (PEG) coating to improve steric
stability.

3. Their natural structure enables stable systemic delivery of hydrophobic bioactive
compounds [38]. This permits various drug loading approaches, including core
loading, surface loading, and protein conjugation.

4. Apolipoprotein interaction with the lipid layer encourages a consistent and
reproducible number of apolipoproteins per particle and a narrow size distri-
bution, overcoming concerns of polydispersity in size and also providing ligand-
targeted delivery [8].
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Lipoproteins have been employed for delivery of many chemotherapeutics
including dox, paclitaxel, siRNA, hypericin, valrubicin, curcumin, statin, etc.
[39–48], and there are many comprehensive reviews available on their uses for drug
delivery [35, 37, 38, 49–51]. This chapter focuses on the expansion of their
development for theranostic applications.

2.1.1 Building Imaging Functionality for Lipoprotein
Nanomedicine

Lipoproteins have a rich history as imaging contrast agents due to their ability to
transport large loads of hydrophobic agents and ease of loading. Three main
strategies have been explored to functionalize lipoproteins: (1) surface loading—
noncovalent intercalation of the imaging agent within the surface of the lipoprotein;
(2) covalent modification—conjugating the imaging agent onto the surface of the
apolipoprotein or onto the phospholipid headgroup; (3) and core loading through
reconstitution—encapsulating hydrophobic agents in the nanoparticle core (Fig. 2a)
[35]. Table 2 provides an overview of the imaging modalities demonstrated to date.
These modalities generally focus on tracking different aspects of lipoprotein fate.
MRI, CT, and PET monitor lipoproteins during systemic circulation to determine
their biodistribution and ability to accumulate in the tumour region. Fluorescence
imaging is widely used to determine the cell delivery mechanism [30, 53–56]. Core-
loaded fluorophores permit low background fluorescence imaging by means of a
“smart delivery system” approach that takes advantage of the well-established
phenomenon of aggregation-induced chromophore quenching [68]. The intracel-
lular uptake mechanisms of low-density lipoprotein (LDL) and high-density lipo-
protein (HDL) have been disclosed using fluorescence microscopy. LDL enters
cells through the LDL receptor (LDLR)-mediated endocytosis pathway [69], while
HDL interacts with scavenger receptor class B member 1 (SR-B1) to drive direct
transport of the payload molecules into the cell cytoplasm without internalization of
the entire particle [8].

Beyond natural lipoproteins, many advanced lipoprotein nanocarriers have been
developed to overcome the significant challenges that limit the use of lipoproteins
as general theranostic nanoplatforms. For example, the lipoprotein rerouting
approach developed by Zheng et al. demonstrates a plausible approach to redi-
recting lipoprotein theranostics to other cancer associated biomarkers beyond their
normal receptors that are only overexpressed in a limited number of cancers [31].
Furthermore, original lipoprotein nanocarriers were natural structures directly iso-
lated from human donors, and faced issues of purity, quantity, length of processing
time, as well as safety. New synthetic lipoproteins have been developed, including
reconstituted lipoproteins that use isolated apolipoproteins (recombinant or natu-
rally derived) to construct the nanoparticle [41], and lipoprotein-mimetic nano-
particles constrained by apolipoprotein-mimetic peptides [70]. These synthetic
systems possess the known functions ascribed to native lipoproteins, including
natural targeting, enzyme/pathway activation, intracellular uptake, and lipid trans-
fer. More importantly, their controlled synthesis offers advantages of uniform size,
zeta potential, and stable drug loading (core and surface loading). The formulation
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Fig. 2 a Schematic representation of the strategies available for incorporating imaging and
therapeutic agents in lipoproteins. Hydrophobic molecules such as drugs, photosensitizers, and
fluorophores, as well as inorganic nanoparticles (e.g., iron oxide, QD) are core encapsulated
through reconstitution. Gadolinium and radionuclides are core encapsulated with and without
assistance of chelation (e.g., by diethylene triamine pentaacetic acid (DTPA)). Imaging agents are
incorporated into the nanoparticle shell through lipid conjugation or fluorescence labeling of the
apolipoprotein. Cholesterol-conjugated siRNA is embedded within the lipid layer though
noncovalent intercalation. b Left HDL-mimetic lipoprotein nanoparticle “HPPS” incorporating
inherent targeting functionality, gene therapy, and fluorescence imaging in a compact spherical
structure. Right, top CT-FMT co-registered images for visualizing siRNA delivery in a prostate
tumour model; bottom siRNA delivery quantified longitudinally by FMT. Adapted with
permission from Lin et al., copyright Wiley-VCH (2014) [52]
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can be adjusted for the desired phospholipid composition, hydrophobic core moi-
ety, payload, and protein or peptide type. Synthetic lipoproteins may therefore
significantly simplify the scale-up process for manufacturing lipoproteins for
human use, as well as accelerate the clinical translation of lipoprotein drug delivery.

The development of multifunctional and theranostic lipoproteins has been reliant
on the advancement of methods for encapsulating imaging agents. Allijn et al.
developed a sonication method for core-labeling native LDL particles with a range
of diagnostically active nanocrystals or hydrophobic agents, allowing for detection
of LDL delivery from the anatomical level (whole-body imaging by conventional
and spectral CT and MRI), to the microscopic level (by fluorescence imaging), and
down to the nanometer scale for subcellular localization (by transmission electron
microscopy (TEM)) [57, 58]. Using additional well-developed reconstitution
methods [53], a range of photosensitizers (e.g., phthalocyanine, naphthalocyanine,
pyropheophorbide, bacteriochlorin-e6) have been stably incorporated within lipo-
protein particles for effective targeted delivery of PDT agents [30, 34, 54, 71, 72].
Their intrinsic NIR fluorescence can be tracked through fluorescence imaging, thus
providing a noninvasive tool to assess in vivo tumour accumulation and guide laser
placement for effective PDT. Zheng et al. recently developed a synthetic lipoprotein
termed HPPS (HDL phospholipid scaffold) [43, 70, 73], comprised of a lipid shell
with a hydrophobic core, constrained by an amphipathic peptide which functionally
mimics the apolipoprotein ApoA-1 to confer HDL-like structure and function [74].

Table 2 Imaging modalities incorporated in lipoproteins for visualizing biodistribution,
metabolism, fate, and cytosolic delivery

Modality Label Lipoprotein
type

Purpose References

MRI Gd-DTPA LDL Biodistribution,
metabolism

[59]

Gd-DTPA-PE LDL, HDL Imaging arteriosclerotic
plaques

[57, 60]

SPION LDL, HDL Tumour accumulation,
metabolism kinetics

[58, 61, 62]

CT Poly-iodinated
triglyceride

LDL Tumour accumulation [63]

Au nanocrystals LDL, HDL Tumour accumulation [57, 61, 64, 65]

PET/SPECT 99mTc LDL Biodistribution, tumour
accumulation

[66]

68Ga-DTPA LDL Metabolism [67]
111In-DTPA LDL Metabolism [67]

Fluorescence
imaging

Fluorescent
probes

LDL, HDL Delivery function [30, 53–56]

Quantum dots HDL Delivery function [62]

MRI magnetic resonance imaging; DTPA diethylene triamine pentaacetic acid; LDL low-density
lipoprotein; HDL high-density lipoprotein; SPION superparamagnetic iron oxide nanoparticles; CT
computed tomography; PET positron emission tomography; SPECT single photon emission
computed tomography

110 D.M. Charron et al.



HPPS is easily synthesized by sonication and modified for incorporation of func-
tional payloads. Both the hydrophobic core and lipid shell can be replaced with
hydrophobic [72] or amphipathic [75] therapeutic or imaging agents [70, 73],
making it a versatile platform for theranostics.

Benefiting from their inherent cell uptake mechanism, lipoproteins are useful
nanocarriers for treatments requiring cell delivery to be effective, such as gene
therapy. SR-B1-mediated delivery is particularly advantageous as it does not
involve endosomal entrapment typical of receptor-mediated endocytosis, thus
minimizing degradation of siRNA [8, 37, 51, 52, 76, 77]. Cholesterol-conjugated
siRNA (chol-siRNA) can be stably loaded into the HDL shell, protecting it from
rapid renal clearance. The siRNA is selectively delivered to tumour cells that
upregulate SR-B1, significantly improving cell uptake compared to free siRNA.
Adding additional imaging functionality to track siRNA delivery would be useful
for determining the optimal therapeutic regimen and predicting patient response.
Therefore, a 30 nm fluorescent HDL-like nanoparticle was developed for siRNA
delivery (HPPS(NIR)-chol-siRNA), with a NIR fluorescent core and siRNA pay-
loads intercalated within the particle membrane (Fig. 2b). In vitro and in vivo
fluorescence hyperspectral imaging demonstrated that the NIR core is a suitable
surrogate for fluorescently labeling therapeutic siRNA [52]. Directly labeling siR-
NA itself is disadvantageous as labeling can affect therapeutic activity. Using this
system and a CT-FMT (fluorescence molecular tomography) co-registration
approach, the authors were able to evaluate the efficacy of two different treatment
regimens in vivo: (1) administration of three doses every other day; compared to (2)
administration of six smaller daily doses. Monitoring the real-time fluorescence
uptake curve demonstrated that six daily doses gives a continuous increase in
siRNA accumulation compared to three larger doses spaced further apart in time,
thus guiding the treatment regimen to achieve efficacious RNAi therapy in an
orthotopic PC3 tumour model.

2.2 Liposome Theranostics

Among all lipid nanoparticles, liposomes have demonstrated significant advances
both as drug delivery and diagnostic tools, and represent the nanocarriers furthest
along in clinical application [78–80]. Liposomes are spherical nanocarriers com-
prised of a self-assembled lipid bilayer and an aqueous core [81]. Liposomes have
been extensively studied for drug delivery owing to their unique structure that
allows for loading of hydrophilic therapeutic agents within the core, as well as
hydrophobic agents within the bilayer. Recent reviews of the experimental devel-
opment and clinical use of liposomes as drug delivery vehicles have focused on the
emerging trend of multifunctionality (Fig. 3a) [16, 26–28]. Inclusion of functional
components transforms conventional liposomes into stealth, ligand-targeted, and
triggered-release liposomes. More recently, liposomes have been recognized as
suitable nanocarriers for theranostics because they have ample room for both
therapeutic and diagnostic agents. Inclusion of molecular and nanoparticle imaging
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agents can be achieved by core encapsulation, embedding in the lipid bilayer, or
conjugation/adsorption to the liposome surface [84], thus enabling integration of
multiple single-modality components for advanced nanotheranostics. Following
this strategy, liposome theranostics has high potential for clinical translation as all
of the assembled therapeutic and imaging agents, as well as the nanocarrier itself,
are already approved by regulatory agencies and are well-established in the clinic.
Below are highlighted the recent developments in liposome theranostics.

Fig. 3 Multimodal lipid nanotheranostic systems incorporating multiple single-modality agents.
a Schematic representation of the “holy grail” for multifunctional liposome design, combining
a small molecule drugs, b ligand targeting, c nanocrystals, d PEGylation, e chelated radionuclides,
f cell-penetrating peptides, and g siRNA. Adapted with permission from Torchilin, copyright
Elsevier (2006) [82]. b Left theranostic liposome with MRI, PET/SPECT, and fluorescence
imaging modalities provided by inclusion of amphipathic chelators (DOTA-lipid) and fluorophores
(IRdye-lipid) combined with core loading of hydrophilic agents. Right In vivo imaging of SCCHN
tumour xenograft model by A MRI using Gd(III)-liposomes, B NIR fluorescence imaging using
IRdye-Gd-liposomes, C SPECT using 99mTc-Gd-liposomes, and D PET using 64Cu-Gd-liposomes.
Adapted with permission from Li et al., copyright American Chemical Society (2012) [83]

112 D.M. Charron et al.



2.2.1 Building Imaging Functionality for Liposome
Nanomedicine

Visualizing nanoparticle biodistribution and pharmacokinetics can help researchers
better assess how effectively a nanocarrier accumulates in the tumour region and
avoids RES clearance, and compare their design with other formulations. For
example, Grange et al. recently reported liposomal dox labeled with an amphipathic
form of gadolinium (Gd(III)-DOTAMA(C18)2) for MRI [85]. The authors prepared
a targeted formulation using a peptide ligand that binds to the vascular factor neural
cell adhesion molecule (NCAM), which is upregulated in Kaposi’s sarcoma, a
highly angiogenic disease. Using MRI, the authors showed that the NCAM-targeted
liposome exhibits approximately 50 % overall enhanced tumour accumulation
compared to the untargeted form, which is primarily retained in the blood. Ex vivo
TEM and in vitro confocal imaging indicate that this result is due to enhanced cell
uptake by NCAM targeting. The lipophilic Gd(III) remained sequestered in the
tumour cell membrane, enabling monitoring of the tumour response longitudinally.
Using MRI, the authors were able to conclude that despite faster clearance, NCAM
ligand targeting enhances liposome accumulation in Kaposi’s sarcoma and
improves tumour response.

Following administration of a chemotherapeutic, patient response is assessed to
optimize the subsequent dose or, in the case of a poor tumour response, to consider
alternate options. For example, in breast cancer treatment, tumour response is
primarily determined based on tumour staging and hormonal status. In nanomed-
icine, however, individual differences in tumour vasculature significantly impact
delivery of the nanocarrier and must be considered. Poor vascular permeability
limits tumour uptake and intratumoral distribution and is associated with faster
tumour growth and poor therapeutic outcome. To provide clinicians with a tool to
assess vascular permeability, Karathanasis et al. co-encapsulated dox and the CT
contrast agent iodixanol in a liposome to be used for mammography [86]. In an
animal study, the authors administered the liposome, once a week for 2 weeks, and
found that the sum of the CT signal enhancement within the tumour region over the
2 weeks was correlated with overall survival. This relationship was present despite
large heterogeneity in the two CT signals within the same animal. Using this
nanotheranostic, the authors were able to predict the therapeutic outcome based on
nanoparticle accumulation, and could in the future adjust the administered dose to
accommodate for individual differences in vascular permeability.

MRI “smart delivery” systems are the main class of activatable theranostic
liposomes reported for tracking intracellular uptake. For MRI labels such as Gd(III),
the MR signal (T1 relaxivity) changes based on its environment and interaction with
water molecules. Liposome-encapsulated gadolinium cannot interact with water
molecules as water cannot easily permeate the lipid bilayer. In this case the T1

relaxation enhancement is minimal. Following release of the gadolinium label,
interaction with water molecules increases T1 relaxivity and appears as positive
contrast, or a bright spot, on the MR image. MRI contrast enhancement has been
quantitatively correlated with therapeutic payload release from activatable liposome
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systems. Viglianti et al. co-loaded the hydrophilic MRI label MnSO4 and dox in the
liposome core [87]. Using T1-weighted images, the authors developed an algorithm
for quantifying dox release and MRI contrast in a rat oral fibrosarcoma model. The
model was confirmed both ex vivo using liquid chromatography and by histology.
A follow-up study was conducted by Tagami et al., replacing toxic MnSO4 with
gadolinium using diethylene triamine pentaacetic acid (DTPA) as a chelating agent
[88]. As in the first study, the release profile of dox (measured by fluorescence) and
MRI contrast agent were identical, and MRI could be used to monitor drug release.
Both of these studies envisaged activatable MRI as a tool for treatment planning
during delivery of temperature-sensitive liposomes (TSL). TSLs such as Thermo-
Dox® are under clinical study to selectively improve drug release at the tumour site
[89–91]. The lipid content is chosen to provide a melting temperature of 40–43 °C.
Co-delivery of heat (e.g., by focused ultrasound) destabilizes the lipid membrane
leading to rapid release of the therapeutic agent. Due to variations in tissue structure
and composition, thermal gradients can form leading to nonuniform drug distri-
bution. Activatable MRI could be used to monitor the drug distribution in real time
and adjust heat delivery to provide sufficient and uniform release.

Combining multiple imaging modalities significantly increases the power of
nanotheranostics for drug development and treatment planning (i.e., multimodal
imaging). As outlined in Table 1, each imaging modality suffers from technical
disadvantages such as low resolution for PET/SPECT, sensitivity for MRI and CT,
or tissue penetration depth for fluorescence imaging, and not all modalities are
suitable for every desired application. Imaging both the systemic- and micro-dis-
tribution of nanocarriers requires the integration of noninterfering modalities to
provide both high spatial resolution and sensitivity [92]. To achieve this goal,
Li et al. reported a liposomal dox formulation with MRI, PET/SPECT, and fluo-
rescence imaging functionality (Fig. 3b) [83]. During liposome synthesis, some of
the lipid shell is replaced with an amphipathic chelator (DOTA-DSPE) and an
MRI agent (Gd(III)-DOTA-DSPE). Postsynthesis the liposome is labeled with 64Cu
for PET though metal chelation with DOTA-DSPE. Fluorescence imaging func-
tionality is provided by postinsertion of an amphipathic fluorophore (IRdye-DSPE)
into the outer shell of the lipid bilayer. For SPECT, 99mTc is encapsulated in the
aqueous core. Dox is also encapsulated postsynthesis, or alternatively a therapeutic
radionuclide (186Re/188Re) can be encapsulated for radiotherapy. The authors found
that this formulation and synthesis procedure was more robust than other multistep
encapsulation methods (<20 nm size change with loading), and has a high loading
capacity for both imaging and therapy (>90 % efficiency for all imaging compo-
nents and 65 % for dox). With high-resolution MRI, the authors followed liposome
biodistribution and intratumoral micro-distribution in a xenograft model of head-
and-neck squamous cell carcinoma. Using sensitive PET/SPECT and fluorescence
imaging, tumor distribution was monitored quantitatively and longitudinally,
respectively.
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3 Engineering Theranostic Lipid Nanoparticles Using
Intrinsically Multifunctional Components—The
“One-for-All” Approach

The “all-in-one” approach for combining multiple functionalities (Fig. 3a) has been
described as the “holy grail” for lipid nanomedicine [82, 93, 94]. Despite the
advantages of the many advanced nanotheranostics investigated in the lab, there is a
disparity between these and the simplistic nanocarriers seen in the clinic [27, 28,
95]. While transferrin conjugated and thermally sensitive liposomes are undergoing
clinical trials, the only theranostic nanoparticles currently under investigation are
inorganic iron oxide nanoparticles for magnetic heating and MRI contrast [96, 97].

Transitioning theranostic nanoparticles from the lab to the clinic is hindered by
the current paradigm of the “all-in-one” approach [98]. Inclusion of functional units
increases the complexity and cost of synthesis and purification, and may be justified
due to the benefits they provide. However, physical entrapment of therapeutic and
imaging agents generally leads to an increase in particle polydispersity, and this
random effect is amplified if more than one agent is encapsulated. Polydispersity
raises regulatory concerns because nanoparticle size and composition is uncon-
trolled, leading to unpredictable in vivo behavior [99, 100]. Furthermore, adding
imaging agents to lipid nanoparticle drug formulations does not generally provide
imaging capabilities above the threshold required for high-quality images. It is
particularly difficult to achieve a therapeutic payload in lipid-nanoparticle com-
plexes. Radiolabeling has been recognized as a possible solution because PET is a
highly sensitive technique [101]. With a careful design and controlled synthesis,
most regulatory challenges can be overcome.

Complementary to the “all-in-one” approach is the emerging paradigm of the
“one-for-all” approach where nanoparticle components are intrinsically multifunc-
tional. We will discuss the “one-for-all” approach using porphysomes as a repre-
sentative “one-for-all” nanoparticle, and how this concept might overcome the
regulatory hurdles facing theranostic lipid nanomedicine.

3.1 Porphysome Theranostics Using Porphyrin-Lipid
Technology

Porphyrins are chromophores widely studied for their versatility and numerous
applications in medicine and technology [102, 103]. Porphyrins have long been
utilized clinically for their theranostic capabilities including fluorescence imaging
and photosensitization [104, 105]. Porphyrins used in photodynamic therapy gen-
erate cytotoxic singlet oxygen as well as fluorescence upon excitation, which can be
used to monitor tumor accumulation and intracellular uptake for treatment planning.
In addition, photobleaching is a surrogate measurement for therapeutic activity and
has been used to quantify the results of adjusting treatment parameters such as light
dosimetry [106]. Encapsulated porphyrins form nonfluorescent aggregates which
emit absorbed light as heat, enabling their use for hyperthermia and photothermal
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ablation as well as PAI [107]. Depending on their molecular structure, porphyrins
can be stable metal chelators for MRI and PET/SPECT [108]. Metal chelation can
also affect the photonic properties, including shifting the absorption spectrum or
stabilizing thermal generation.

Porphysomes are a novel class of liposome-like nanocarriers, self-assembled
from porphyrin-lipid building blocks (Fig. 4a). Porphyrin-lipid is formed by con-
jugation of a single-chained phospholipid with either pyropheophorbide (derived
from Spirulina pacifica) or bacteriochlorophyll (derived from Rhodobacter sph-
aeroides) [109]. The hydrophobic porphyrin is attached to the lipid chain such that
the structure remains amphipathic, allowing for self-assembly in aqueous buffer.
Other types of lipids, such as PEG-lipid, which is used to enhance in vivo phar-
macokinetics, and cholesterol, which is used to enhance loading and circulation
half-life, are also involved in the formulation to improve in vivo function. Using
TEM, the self-assembled nanoparticles were shown to be spherical vesicles with
diameters of 100–150 nm. The wall of the vesicle was shown to be a bilayer of
high-density material separated by a 2 nm gap, corresponding to two monolayers of
porphyrin–lipid. A stable nanostructure is formed with an extremely high density of
porphyrin molecules (up to 100 mol% porphyrin-lipid of the total lipid content),
forming a liposome-like nanocarrier offering novel biophotonic functions beyond
those of molecular porphyrins. For example, the high porphyrin density drives
“super” absorption (extinction coefficient ε680 nm = 2.9 × 109 M−1 cm−1) and
“super” photoactivity quenching, which in turn converts light energy to heat with
extremely high efficiency, providing photothermal and photoacoustic properties
unprecedented for organic nanoparticles. Due to its natural chlorophyll origin,
porphyrin-lipid itself is biodegradable and has very low toxicity in vivo (1000 mg/
kg i.v. in mice caused no detectable functional, hematological or histological
effects). Meanwhile, the aqueous core of porphysome can be actively or passively
loaded with chemotherapeutics, such as dox. In addition, porphyrin-lipid retains the
natural ability to chelate metals for multimodal imaging and manipulation of its
photonic properties. Therefore, the nanoparticle built from this intrinsically multi-
functional porphyrin building block provides “one-for-all” theranostics (multi-
modality imaging, phototherapy, and drug transport). This simplifies the compo-
sition and synthetic complexity of the “all-in-one” multifunctional liposome while
maintaining the desired properties [95, 111]. Further, each subunit acts as structural
component, therapeutic agent, and imaging agent, eliminating the compromise
between imaging sensitivity and drug payload.

3.1.1 Intrinsic Multimodal Imaging Capabilities
With “super” absorption and “super” photoactivity quenching, porphysomes effi-
ciently convert absorbed light energy to heat instead of generating fluorescence and
singlet oxygen. Upon laser irradiation, the thermal expansion of porphysomes in the
tissue generates a strong PA signal. The first application of porphysomes for PAI was
for sentinel lymph node mapping [109]. After 15 min intradermal injection of por-
physomes in rats at a dose as low as 2.3 pmol, the local lymphatic network was clearly
detectable, showing the first draining lymph node, the inflowing lymph vessels, and
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the surrounding lymph vessels (Fig. 4b). More recently, a temperature stimuli-
responsive photoacoustic nanoswitch was developed by introducing 15 mol% of
bacteriochlorophyll-lipid (Bchl-lipid) into a TSL [107]. At the melting temperature of
the host lipid, membranefluidity increases and the ordered packing of the Bchl-lipid is

Fig. 4 Porphysomes are intrinsically multimodal, lipid nanoparticles formed from the self-
assembly of porphyrin-lipid. a Left pyropheophorbide-lipid. Right electron micrographs of
negatively stained porphysomes. b Porphysomes as dual imaging modality “smart delivery”
systems. Left lymphatic mapping by PAI before and after intradermal injection of porphysomes
(5 mm scale bar). Right: fluorescence activation after intravenous injection of porphysomes in a
KB xenograft-bearing mouse. (a–b) Adapted with permission from Lovell et al., copyright Nature
Publishing Group (2011) [109]. c In vivo multimodal imaging of 64Cu-porphysomes in an
orthotopic prostate cancer model. Left MicroPET/CT coronal image demonstrating tumour
accumulation (white arrow). Middle Composite fluorescence and white-light image demonstrating
porphysome disruption in the tumour. Right MicroPET/CT imaging of femur metastases. Adapted
with permission from Liu et al., copyright American Chemical Society (2013) [110]
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disrupted, resulting in a reversible loss of aggregate PA signal and an increase in
monomer fluorescence. This parameter may be useful for precisely monitoring
thermal therapies such as hyperthermia. Due to “super” quenching, porphysomes are
a “smart delivery system,” providing low background fluorescence imaging. The
first application of porphysomes for fluorescence imaging was performed on a sub-
cutaneous mouse model [109]. No significant fluorescence signal was observed
immediately following intravenous injection of porphysomes due to its high self-
quenching. After 48 h, enhanced fluorescence was observed in the tumour region as a
result of porphysome accumulation and subsequent unquenching (Fig. 4b).

Additional imaging functionalities for whole-body imaging can be provided
without adding any complexity to the system. Radioactivity is achieved by directly
chelating a 64Cu radioisotope in preformed porphysomes, while MRI is achieved by
assembling particles with a paramagnetic ion (Mn(II))-labeled porphyrin-lipid
building block. In both cases, stable chelation could be achieved using a simple,
robust method: Preformed porphysomes or porphyrin molecules are mixed with the
metal label and heated at 60 °C for 30 min. The long radioactive life-time (>48 h) of
64Cu-porphysomes matches the nanoparticle circulation time (mouse half-time is
18 h). This is an ideal pairing for noninvasive, highly sensitive, and accurate real-
time assessment of porphysome biodistribution [110, 112]. Due to the high sen-
sitivity of PET, only 5 % of porphyrin-lipid must be labeled with 64Cu, which does
not impact the photophysical properties. Using 64Cu-porphysomes, diseased tissue
was delineated at both the macro (PET imaging) and microscopic level (fluores-
cence imaging) in a clinically relevant orthotopic prostate tumour model, and bony
metastases as small as 1.5 mm were sensitively detected 24 h postinjection (Fig. 4c)
[110]. With Mn(II) labeling, the fluorescence and singlet oxygen generation of
porphyrin-lipid are quenched, improving the photostability and photothermal
function of the Mn-porphysome. Moreover, Mn-porphysomes are capable of gen-
erating MR contrast at a level comparable to the clinically used agent Gd-DTPA
[113]. 64Cu/Mn-porphysomes comprised of a single functional unit that intrinsically
integrates PET/MRI contrast generation, photothermal efficiency, and excellent
photostability, have high potential for cancer theranostics and clinical translation.

3.1.2 Intrinsic Therapeutic Capabilities
Photothermal therapy (PTT) and PDT have emerged as viable clinical approaches,
possessing advantages over conventional cancer therapies including improved
selectivity achieved by local laser irradiation. PTT dissipates absorbed light energy
as heat to destroy targeted tissues through a necrosis pathway, while PDT generates
singlet oxygen as the predominant cytotoxic agent to damage the tissues in an area
restricted to the region of photosensitizer accumulation. Porphysomes display
structure-dependent photonic properties useful for both PTT and PDT (Fig. 5). Jin
et al. reported the first in vivo comparison of porphysome-mediated PTT and PDT
in hypoxic and hyperoxic conditions [114]. Porphysomes generated a rapid increase
in temperature and induced obvious tissue damage under both tumour conditions,
whereas PDT activity was eliminated. More recently, an activatable strategy
enabled application of the PDT mechanism by introducing targeting ligands such as
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folate-lipid into the porphysome formulation [115]. The folate-porphysome
exhibited enhanced intracellular uptake and efficient disruption of the nanostructure,
releasing the photodynamic activity of the densely packed porphyrins for effective
PDT, thus closing the loop for structure-dependent conversion between PTT and
PDT. Replacing a fraction of the porphyrin-lipid with nonfluorescent lipids reduces
the quenching efficiency, enabling fluorescence imaging and PDT in the intact state
as well. These structure-dependent photonic properties are useful for monitoring
porphysome stability and drug release, as well as for guiding administration of PTT
and PDT.

Beyond these diverse intrinsic imaging modalities, the vesicular nature of por-
physomes allows for loading of drugs into the core or bilayer of the nanoparticle.
Lovell et al. demonstrated that dox could be actively loaded into porphysomes with
90 % loading efficiency [109]. To improve the delivery specificity, targeted por-
physomes can be easily formed by inclusion of various targeting moieties such as
folate-PEG-lipid (1 mol% lipid) for folate receptor-mediated targeting [109, 115].
These studies show great promise for porphysomes as a targeted nanocarrier for
cancer theranostics.

3.2 Convergence of Porphysome and Lipoprotein
Theranostics

Porphysomes in the 100–150 nm size range exhibit preferential accumulation
in malignant tumors through the EPR effect, but may encounter significant
impedance when diffusing through the tumour collagen network. Many studies

Fig. 5 Schematic illustration of structure-dependent porphysome PTT and PDT activity.
Untargeted porphysomes remain intact and are effective PTT agents in vivo, while folate-
porphysomes are internalized by folate-expressing KB tumour cells and are effective for PDT.
Adapted with permission from Jin et al., copyright American Chemical Society (2013) [114] and
Wiley-VCH (2014) [115]
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have demonstrated that nanoparticles less than 40 nm exhibit more effective pen-
etration in fibrous tumors compared to their larger counterparts [116–118]. Ng et al.
developed a sub-40 nm activatable porphyrin nanodisc by using apolipoprotein to
constrict the particle size [75]. The compact discoidal structure demonstrates similar
structure-dependent photonic properties as porphysomes, including photoactivity
quenching (99 % fluorescence quenching) and recovery of photodynamic activity
upon cell internalization. In addition, the nanodiscs display a five fold increase in
their collagen diffusion coefficient compared to porphysomes, indicating a greater
potential for deep tissue penetration. The size-control strategy of using apolipo-
protein could be extended to the synthesis of small spherical porphysomes by
fusing lipoprotein and porphyrin-lipid technology. This strategy could offer the
ability to incorporate large amounts of photosensitizers within a compact structure
that allows for phototherapeutic action, fluorescence imaging, and the potential to
effectively deliver therapeutics deep into poorly permeable tumors.

4 Conclusion

Lipid theranostics offer researchers and clinicians new tools to visualize nanopar-
ticle fate, tumour accumulation, and intracellular uptake. The impact of these
technological advancements on drug development and treatment planning represent
significant achievements for personalized medicine. To date, experimental progress
in lipid nanotheranostics has focused on methods and techniques to robustly pro-
vide imaging modalities and incorporate multiple functionalities in a single plat-
form. However, few reports demonstrate use of the information provided by
imaging to alter the treatment plan. Looking forward, nanotheranostics will benefit
from practical studies demonstrating utility of imaging functionality, particularly to
assess the advantages of multimodal theranostics. Through these studies the prac-
tical limitations of assembling multiple, single-modality theranostic agents may
become more evident. The emerging paradigm of inherently multifunctional
components is expected to play a large role in shaping the future of nanothera-
nostics. This concept can be extended beyond lipid nanomedicine to other thera-
nostic platforms including porphyrin polymers [119] and cyanine micelles [120].
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Synthetic High-Density
Lipoprotein-Like Nanoparticles
as Cancer Therapy

Kaylin M. McMahon, Linda Foit, Nicholas L. Angeloni,
Francis J. Giles, Leo I. Gordon and C. Shad Thaxton

Abstract

High-density lipoproteins (HDL) are diverse natural nanoparticles that carry
cholesterol and are best known for the role that they play in cardiovascular
disease. However, due to their unique targeting capabilities, diverse molecular
cargo, and natural functions beyond cholesterol transport, it is becoming
increasingly appreciated that HDLs are critical to cancer development and
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progression. Accordingly, this chapter highlights ongoing research focused on
the connections between HDL and cancer in order to design new drugs and
targeted drug delivery vehicles. Research is focused on synthesizing biomimetic
HDL-like nanoparticles (NP) that can be loaded with diverse therapeutic cargo
(e.g., chemotherapies, nucleic acids, proteins) and specifically targeted to cancer
cells. Beyond drug delivery, new data is emerging that HDL-like NPs may be
therapeutically active in certain tumor types, for example, B cell lymphoma.
Overall, HDL-like NPs are becoming increasingly appreciated as targeted,
biocompatible, and efficient therapies for cancer, and may soon become
indispensable agents in the cancer therapeutic armamentarium.
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1 Structure and Composition of Natural High-Density
Lipoproteins (HDL)

Natural high-density lipoproteins (HDL) range in size from 7 to 13 nm in diameter.
HDLs are dynamic nanostructures with regard to size, shape, and molecular
composition. As HDLs biologically mature, they interact with cell receptors,
enzymes, and other proteins. Apolipoprotein A-I (apoA-I) is the main protein
associated with HDLs and represents approximately 70 % of the protein content
associated with HDLs [1]. ApoA-I is an amphipathic scaffold protein, which binds
lipids and defines the ultimate size and shape of HDL species [2]. ApoA-II, the
second most common protein associated with HDL, makes up approximately 20 %
of the total protein. Although less studied, multiple other apolipoproteins associate
with HDLs, such as apoA-IV, apoC-I, apoC-II, apoC-III, apoD, apoE, apoJ, apoL,
and apoM [3, 4]. Additionally, a number of other proteins, lipids (e.g., phosphat-
idylcholines), free cholesterol, and esterified cholesterol contribute to the hetero-
geneity of HDL species [5].
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HDLs are the smallest and densest of the plasma lipoproteins. HDLs are constantly
remodeled in the bloodstream through interaction with other lipoproteins, enzymes,
and contact with target cells. These interactions result in significant particle hetero-
geneity. For example, HDLs can be classified into subpopulations by density, size,
shape, composition, and surface charge. HDLs are classified into two main sub-
fractions based on density: HDL2 (1.063 < d < 1.125 g/mL), which are relatively large
in size, lipid-rich, and more buoyant than HDL3 species (1.125 < d < 1.21 g/mL),
which are smaller in size [1, 6]. These sub-fractions can be further categorized into
five distinct subpopulations by using methods such as electrophoresis and ultracen-
trifugation [1, 4]: HDL2b (9.7–12.9 nm), HDL2a (8.8–9.7 nm), HDL3a (8.2–8.8 nm),
HDL3b (7.8–8.2 nm), and HDL3c (7.2–7.8 nm) [6]. Further, two-dimensional elec-
trophoresis can separate HDL subpopulations by charge and size, ultimately resulting
in 5–10 distinguishable HDL species [1, 6]. Finally, a number of other techniques can
be used to categorize HDL into subpopulations based on protein content. In short,
HDLs are highly dynamic structures that have great variability with regard to size,
shape, and surface chemistry. Each of these parameters is known to greatly modulate
in vivo HDL function [7], and it is important to keep these parameters in mind when
developing therapeutic agents based on HDLs.

HDL biosynthesis is initiated by the secretion of apoA-I from hepatocytes and
enterocytes of the liver and small intestine, respectively [8]. Following synthesis,
apoA-I is lipid-poor, but begins to sequester phospholipids and some free cholesterol.
Acquisition of these molecular components results in nascent HDLs that have a dis-
coidal shape,≤8 nm in diameter. Nascent HDLs contain two anti-parallel molecules of
apoA-I wrapped in a belt-like fashion around a solubilized central core of phospho-
lipids oriented as a bilayer [9–11]. These nascent HDLs are the smallest of formed
HDLs and only contain small amounts of cholesterol which is mainly interdigitated in
the*160 phospholipids present in the core of the disc [12]. Self-assembly of nascent
HDL is moderated through the interaction of apoA-I with ATP binding cassette
receptor A1 (ABCA1), a transmembrane protein that mediates the transfer of phos-
pholipids and free cholesterol to apoA-I. Free cholesterol transferred to HDL becomes
esterified by the serum enzyme lecithin cholesterol acyltransferase (LCAT). LCAT
catalyzes the esterification of free cholesterol associated with HDL and increases its
hydrophobicity. Cholesteryl esters (CE) are then driven into the lipid bilayer creating a
core of hydrophobic CEs surrounded by amonolayer of phospholipids. The transfer of
CE into the core results in an increase in HDL size and a change in morphology from
the disc-like structure of nascent HDL into a maturing spherical nanostructure, while
creating a gradient enabling more free cholesterol to move onto the particle surface.
Further, as the particle matures it begins to interact with additional receptors known to
participate in cellular cholesterol flux to HDLs, including ATP-binding cassette
receptor G1 (ABCG1) and scavenger receptor type B-1 (SR-B1). Additionally, other
lipoproteins aid in the maturation process of HDLs. For instance, low-density lipo-
proteins (LDLs) transfer triglycerides toHDLs in exchange forCE, a process catalyzed
by the serum protein cholesteryl ester transfer protein (CETP). Together, these inter-
actions increase the size of HDL and contribute to the heterogeneity of HDLs. How-
ever, HDLs do not consist solely of apolipoproteins, cholesterol, and phospholipids.
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It is becoming increasingly appreciated that HDLs are highly diverse in their chemical
composition with regard to phospholipids, small molecules, proteins [3, 13], small
RNAs [14, 15], hormones, carotenoids, vitamins, and bioactive lipids [16].

Due to the complex synthesis and remodeling of HDL there are significant
structural differences between HDL sub-species and individual particles. These
differences result in a myriad of different HDL functions. Two key factors that
determine the function of HDL in the human body are HDL size and composition.
Below, we discuss the functions of natural HDLs to outline their natural mecha-
nisms-of-action and also to highlight opportunities for targeting specific diseases,
such as cardiovascular disease and cancer. Ultimately, designing synthetic HDL-
like NPs with biologically functional modifications may provide targeting mecha-
nisms to cell types critical to disease pathogenesis [17].

2 Cholesterol Transport-HDL and Coronary Heart
Disease

Several epidemiological studies demonstrate that plasma concentrations of HDL-
cholesterol (HDL-C) inversely correlate with the risk of coronary heart disease
(CHD); however, emerging data show that measuring HDL-C as a biomarker for
CHD may not be adequate [18]. Yet cholesterol associated with HDL has been
termed “good” cholesterol and suggests that HDLs directly protect against CHD.
The process of reverse cholesterol transport (RCT) is believed to be the primary
explanation for this phenomenon. During RCT, cellular cholesterol is removed
from lipid-laden macrophages (foam cells) in atherosclerotic lesions by HDLs via
interactions with ABCA1, ABCG1, and SR-B1 [19]. Cholesterol-rich HDLs are
then trafficked to the liver, delivering their cholesterol cargo to hepatocytes through
SR-B1 in an apoA-I-dependent process. Cholesterol becomes incorporated into bile
and excreted in the feces. In addition, HDL may transfer CE to LDLs in exchange
for triglycerides. LDLs loaded with cholesterol are then taken up by hepatocytes
through the LDL receptor further promoting RCT.

2.1 Non-cholesterol Transport-HDL and Coronary Heart
Disease

While RCT is believed to be the primary means by which HDL reduces CHD risk,
HDLs are implicated in multiple other cardio-protective mechanisms. For instance,
HDLs reduce inflammation at the site of atherosclerotic lesions [4]. HDLs also have
antioxidant and antithrombotic effects that maintain endothelial integrity and pro-
mote repair [1, 4, 20].

2.1.1 Anti-inflammatory Properties of HDLs
Chronic inflammation develops as atherosclerotic plaques mature. Pro-inflamma-
tory stimuli contribute to the release of circulating cytokines, such as interleukin-1
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and tumor necrosis factor alpha (TNF-α), which stimulate the expression of
adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and vas-
cular cell adhesion molecule-1 (VCAM-1), P-selectin, and E-selectin. These mol-
ecules recruit and tether leucocytes and monocytes to endothelial cells overlying
lipid-rich atheromas. Upon recruitment, the captured cells undergo molecular
transformation and differentiate into macrophages that contribute to the growing
atherosclerotic lesion. In vitro and in vivo studies demonstrate that HDLs reduce the
expression of endothelial adhesion molecules and prevent the recruitment of
monocytes to the arterial wall [21–23].

2.1.2 HDLs Combat Oxidative Damage
Oxidative stress is a risk factor associated with premature atherosclerosis and
cardiovascular disease. Oxidized LDL (oxLDL) is the main mediator of oxidative
arterial damage and promotes a pro-inflammatory and pro-atherogenic phenotype
that contributes to endothelial cell dysfunction and apoptotic cell death. oxLDL
contains a number of free radical-induced lipid hydroperoxides (LOOH), LOOH-
derived short-chain oxidized phospholipids, and oxidized sterols [24, 25]. HDLs
have antioxidant properties that can inhibit the accumulation of peroxidation
products on the surface of LDLs and mitigate damage. This is accomplished by
several mechanisms. First, methionine residues (112 and 148) of apoA-I reduce
LOOH into redox-inactive lipids. In addition, apoA-I protein sequesters LOOHs
from LDLs [26]. Third, HDLs, particularly the smaller HDL3 subpopulations, have
a unique proteome that plays a critical role in protection against LDL oxidative
stress [26]. Also, the transfer of LOOH species from oxLDL to HDL3 aids in the
reduction of free radical species in atherosclerotic lesions [27]. Lastly, enzymes
associated with HDLs, such as paraoxonase 1 (PON1), platelet activating factor-
acetyl hydrolase (PAF-AH), and LCAT contribute to the antioxidant function of
HDLs by hydrolyzing pro-inflammatory short-chain oxidized phospholipids [28].

2.1.3 Antithrombotic and Anticoagulant Activity of HDLs
Finally, HDLs demonstrate protective effects through antithrombotic and antico-
agulant activity through direct and indirect interactions with endothelial cells.
Endothelial-derived nitric oxide (NO) is critical for vasodilation and maintains the
integrity of vascular endothelial and smooth muscle cells [29]. Reduced NO pro-
duction is a hallmark of atherosclerosis and results in increased neutrophil adher-
ence to the endothelium, smooth muscle cell proliferation, and enhanced platelet
aggregation and adhesion. HDL is capable of activating NO synthesis through
endothelial nitric oxide synthase (eNOS) upon binding to endothelial cell SR-B1
[30]. Endothelial cell apoptosis contributes to arterial atherothrombosis by the
release of “microparticles” that carry pro-thrombotic factors, such as P-selectin
[31]. Along with the release of microparticles, apoptotic endothelial cells enhance
adhesion between unactivated platelets and leukocytes, promoting coagulation.
HDLs directly contribute to endothelial protection by inhibiting oxLDL- and TNF-
α-mediated apoptosis and by suppressing growth factor deprivation [32]. Further-
more, it has been demonstrated that HDLs enhance prostacyclin synthesis in
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endothelial cells. Prostacyclin acts synergistically with NO to induce vascular
smooth muscle (VSM) relaxation [32], inhibits platelet activation, and represses the
release of growth factors responsible for local proliferation of VSM cells [29]. In
addition to HDLs acting on endothelial cells to reduce coagulation, an inverse
correlation between platelet aggregation and HDL levels in humans has been
reported [33]. This phenomenon is not limited to CHD as recombinant HDLs were
shown to reduce platelet aggregation in individuals with type 2 diabetes mellitus
[34].

Collectively, HDLs function in many ways to protect against cardiovascular
disease. Developing a more complete understanding of HDL structure–function
relationships will continue to provide new insights into the mechanisms of ath-
eroprotection. However, the utility of HDLs extends beyond treating cardiovascular
disease. It has recently been discovered that HDLs can bind, transport, and deliver a
range of cargoes, including small molecules, photothermal reactive agents, and
nucleic acids. Understanding the mechanisms by which HDLs perform this function
will provide new opportunities to develop biomimetic, synthetic HDL-like NPs for
targeted delivery of therapies for disease treatment. One such disease is cancer, as
cancer cells increase cellular cholesterol pools not only by increasing cholesterol
synthesis, but also by increasing HDL uptake. Thus HDL-based delivery meth-
odologies have great potential for specific and effective delivery of cargo directly to
cancer cells, with minimal off-target effects.

3 HDL and Cancer

A sustained and increased supply of cholesterol is essential for cancer cell prolif-
eration and tumor progression [35–41]. Cancer-related anomalies of cholesterol
metabolism have been implicated in angiogenesis, metastasis, and drug resistance
[38]. On a cellular level, cholesterol is a crucial component of membranes and
modulates their fluidity, stability, and overall architecture [42]. Additionally, cho-
lesterol is known to accumulate in discrete regions of the membrane, termed lipid
rafts, endowing these areas with very unique properties. Lipid rafts serve as
assembly platforms for molecules involved in signaling cascades, including those
associated with cancer development [35, 43–45]. On an organismal level, choles-
terol serves as a precursor for steroid hormones, known regulators of cell prolif-
eration and differentiation, and are critical in the progression of breast and prostate
cancer [35].

Lipoproteins play a role in cancer progression through delivery of cholesterol to
malignant cells. Consistently, many cancer patients exhibit reduced levels of cho-
lesterol in the blood, which are restored to normal values upon successful cancer
treatment [38, 46, 47]. Interestingly, it is the levels of HDL, not LDL, that are most
affected in patients suffering from cancer [5, 38]. Exogenous addition of HDL has
been shown to promote the growth of breast cancer cells in vitro and promote
aggressiveness of tumors in vivo [48–50]. HDLs also exhibit anti-inflammatory,
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antioxidant, antimicrobial and pro-immunity properties [51, 52] and carry non-lipid
cargo including microRNA, hormones, vitamins, and metabolites [14, 16]. All of
these characteristics play an important functional role for HDL in cancer progres-
sion and tumor cell survival.

Many malignant cells have been shown to overexpress SR-B1 [5, 38, 42,
53–57]. For instance, among 50 human ovarian epithelial cancers, 96 % of the
tumors highly expressed SR-B1 [54]. Further, prostate cancer cells have been
shown to express SR-B1 for the uptake of cholesterol-rich HDLs to support
endogenous androgen biosynthesis [53]. Also, HDL binding to SR-B1 can trigger
downstream signaling cascades, such as through Akt, that promote breast cancer
progression [57]. Thus, there is a great deal of evidence supporting increased HDL
uptake via SR-B1 in cancer cells. This presents a unique opportunity to exploit this
system for the targeted delivery of cancer therapeutics.

3.1 Cancer Therapies: Drug Hurdles and Emerging Drug
Potential

Most anticancer drugs are inherently nonspecific in their biodistribution and diffuse
into both healthy and cancer tissues. Further, the mechanism-of-action of most
cancer drugs affects all rapidly diving cells rather than cancer cells specifically.
Solubility is also a major limitation as *40 % of new anticancer drugs are char-
acterized by poor water solubility [58]. Targeted drug delivery vehicles soluble
under physiologically relevant conditions have great potential to overcome these
issues. By preferentially increasing accumulation of the therapeutic agent in
malignant rather than healthy cells, the therapeutic index of a drug can be signif-
icantly improved and undesirable side effects reduced. HDLs are an attractive tool
for the targeted delivery of antineoplastic substances due to their central role in
promoting cancer proliferation by providing a constant supply of cholesterol to
malignant cells. A number of research groups are therefore focused on the devel-
opment of synthetic nanostructures that imitate natural HDLs in regard to function
and structure. In the remainder of the chapter we will refer to these artificial
structures as HDL-like nanoparticles (HDL-like NPs).

The preferential accumulation of such HDL-like NPs in cancer cells is achieved
by both passive and active targeting. On the one hand, tumor tissues are charac-
terized by a leaky vasculature and low lymphatic drainage, leading to differences in
interstitial pressure between the center of a tumor and its periphery. This pressure
difference allows for the preferential retention of particles between 10 and 100 nm
in the tumor, a passive targeting phenomenon known as the enhanced permeability
and retention (EPR) effect [59, 60]. On the other hand, synthetic HDL-like NPs are,
like natural HDL, actively targeted to cancer cells by specific interaction with SR-
B1 [42, 53–57]. Importantly, SR-B1 facilitates the uptake of cholesterol esters and
anticancer drugs from spherical HDLs and HDL-like NP to the cytosol via a non-
endocytic pathway [61, 62], avoiding lysosomal degradation of particle cargo.

Synthetic High-Density Lipoprotein-Like Nanoparticles … 135



3.2 Synthetic HDL-Like NP Composition

In contrast to natural HDL, synthetic HDL-like NPs are highly customizable,
providing researchers with the unique opportunity to control many of the particles’
structural and compositional features and to endow these particles with tailored and
unique functions. Examples of the structural diversity of HDL-like NPs are pro-
vided in Table 1. Because HDL-like NPs are designed to mimic their natural

Table 1 Examples of the structural diversity of HDL-like NPs for drug delivery

Structural feature Examples

Composition of particle
core

Cholesteryl esters [54]

Inorganic scaffolds (Au) [89]

Shape Discoidal [80]

Spherical [89]

Protein associated with
particle

Full-length apoA-I [97]

ApoA-I-mimetic peptide [99]

ApoE [96]

Phospholipids Phosphatidylcholine (PC) [69],

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) [98]

1,2-dimyris-toyl-sn-glycero-3-phosphocholine (DMPC) [98]

1,2-dioleoyl-sn-gly- cero-3-((N(5-amino-1-carboxypentyl)
iminodiacetic acid) succinyl)(- nickel salt) (NiLipid) [98]

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate
(polyethylene glycol)-2000] (DSPE-PEG2000-folate) (PF) [98]

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-
pyridyldithio)propionate] (PDP PE) [5, 91]

Dipalmitoylphosphatidylcholine (DPPC) [5, 91]

Pyropheo-phorbide conjugated to the glycerol backbone of
lysophospholipids [80]

Lipid layer surrounding
the particle

Monolayer [91]

Bilayer [89]

Mechanism of drug
loading

Covalent attachment [98]

Encapsulation [102]

Integration in lipid layer [73]

Additional targeting
moieties

Folic acid, covalently linked to lysine residues of apoA-I [103]

Lipid-conjugated folate (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[folate(polyethylene glycol)-2000]
(DSPE-PEG2000-folate) (PF) [98]

Incorporated drug Paclitaxel [83]

Doxorubicin [70]

Valrubicin [62]

Fenretinide [74]

Incorporated
fluorophore

Fluo-BOA [72]

Lipid-conjugated Rhodamine B [104]
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counterparts in composition, surface properties, and size, many of them were shown
to be non-immunogenic, capable of avoiding clearance by the reticuloendothelial
system, and to have relatively long circulation times [59, 63].

3.3 HDL-like Nanoparticles for Drug Delivery

3.3.1 Discoidal HDL NPs for Drug Delivery
Both discoidal and spherical HDL-like NPs have been shown to target SR-B1 [64]
and have therefore both been employed for targeted drug delivery to cancer cells.
While spherical HDL-like NPs are more similar in shape to the more mature ver-
sions of their natural counterparts, discoidal HDL-like NPs are more reminiscent of
nascent HDL. Like natural, nascent HDL, discoidal HDL-like NPs are prone to
undergo maturation in the bloodstream due to interaction with LCAT [65–68]. This
biological maturation of discoidal HDLs can lead to unwanted leakage of drug
cargo [69]. To combat this problem, researchers used monocholesterylsuccinate
(CHS) instead of cholesterol to prevent particle interaction with LCAT, and
anchored apoA-I on the particle by covalently linking it to CHS [70, 71]. The
authors employed a CHS-modified discoidal HDL-like NPs, termed recombinant
HDL (rHDL), and loaded it with paclitaxel, a mitotic inhibitor used to treat a variety
of cancers. Studies in rats showed improved drug levels in the blood over extended
periods of time both compared to drug-loaded, but unmodified particle (P-d-rHDL),
as well as compared to free or liposome-loaded drug [71]. Further, paclitaxel-loaded
CHS-modified particles (cP-d-rHDL) showed increased cytotoxicity and uptake in
the human cancer cell line MCF-7 compared to P-d-rHDL. In breast tumor bearing
mice, cP-d-rHDL were superior in regard to both tumor targeting as well as limiting
tumor growth compared to P-d-rHDL, liposome-loaded drug or free drug [70].

3.3.2 Spherical HDL-like NPs for Drug Delivery
Delivery of hydrophobic antineoplastic agents by HDL-like NPs is often achieved
by encapsulation of the drug in the hydrophobic core. Recently, Lacko and co-
workers showed that inclusion of highly water-insoluble drugs, like valrubicin, into
spherical HDL-like NPs composed of phosphatidyl choline, apoA-I, free choles-
terol, and cholesteryl oleate, led to increased toxicity in SR-B1 expressing malig-
nant prostate and ovarian cancer cell lines compared to the free drug [62, 72].
Further, off-target cytotoxic effects in non-malignant epithelial prostate and ovarian
cell lines with low SR-B1 expression were decreased for the drug-containing par-
ticle compared to the free drug [62, 72]. Encapsulation of valrubicin into HDL-like
NP may expand the therapeutic spectrum of the drug, which had previously been
used exclusively for the treatment of bladder cancer. The authors also used a similar
NP construct to target the therapeutic agent fenretinide to two different neuro-
blastoma cells lines in vitro [72]. Compared to the free drug, cytotoxicity in the
malignant cell lines was significantly increased, while cytotoxicity in retinal pig-
ment epithelial cells, a control cell line for off-target fenretinide toxicity, was
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reduced [62, 72]. Feng and co-workers used a similar strategy of drug encapsulation
to target the chemotherapeutic doxorubicin to hepatocellular carcinoma and hepa-
toma cells lines [73, 74]. In this work, HDL-like NPs were composed of egg
phospholipids, apoA-I, and doxorubicin and showed increased cytotoxicity,
apoptosis induction, and conjugate accumulation in target cells compared with the
free or liposome encapsulated drug [73]. The drug-loaded HDL-like NPs also
decreased tumor growth in a metastatic model of human hepatocellular carcinoma
(HCC) in nude mice and reduced hemolysis-related side effects [74].

To better understand the uptake of lipophilic cargo from spherical HDL-like NPs
through SR-B1, Lin et al. developed multifluorophore-labeled HDL-mimicking
peptide phospholipid scaffold (HPPS) nanoparticles [75]. Although apoA-I is
critical for determining the shape of HDLs and allowing for specific interactions
with cellular receptors, the protein can be replaced by short (<20 amino acids)
peptides that show no sequence similarity to the full-length protein [76]. These
peptides mimic the amphipathic helical structure of apoA-I, including its receptor
and lipid binding abilities [76]. Lin et al. [75] generated a variety of different
cholesteryl oleate/phosphocholine HDL-like NPs with either fluorescent com-
pounds in the particle core, fluorescently labeled apoA-I peptides and phospholipids
on the surface, or combinations thereof. Through sequential inhibition studies, they
found that after initial interaction of the HDL-like NP with SR-B1, the particle
bound to a specific sub-domain of the receptor, leading to particle dissociation and
internalization of the hydrophobic cargo into the cytosol by a lipid-raft/caveolae-
like mechanism. Phospholipids and apoA-I-mimetic peptides were mainly retained
on the cell surface. It is important to note that for natural, mature HDL, selective
influx of CE payload does not require particle catabolism [77, 78], suggesting that
the cellular fate of specific HDL-like NPs might be dependent on their specific
composition and determined by additional factors that warrant further investigation.

3.3.3 HDL-like NPs for the Delivery of Photothermal
Therapeutics

HDL-like NPs have also been used for the delivery of photothermal agents, which
facilitate infrared light-induced temperature changes in tumor tissues leading to
tissue necrosis. Mathew et al. generated an HDL-like NP composed of phospho-
choline, apoA-I fused to a trans-activating transcriptional activator peptide (TAT-
peptide, for enhanced cell internalization), and a water-insoluble gadolinium bis
(naphthalocyanine) sandwich complex (as a photothermal compound) [79]. Using
this particle, the authors achieved photothermal killing of human lung cancer cells
in a near infrared light-irradiation-dependent manner. In addition, delivery of the
photothermal compound was dependent on the expression of SR-B1 by target cells.
Also, by conjugating pyropheophorbide, a reduced porphyrin, to lysophospholipids,
Ng et al. created a phototherapeutic fluorescent pyro-lipid, which self-assembled
with apoA-I into nanodiscs [80]. The authors used these particles to treat Chinese
hamster ovary (CHO) cells that were transfected to express SR-B1. The fluores-
cence of the photosensitizer was quenched in intact particles; however, upon
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cellular uptake fluorescence of the particle became un-quenched, likely due to
disruption of particle structure. Importantly, transfected SR-B1-expressing cells
exhibited a dose-dependent decrease in survival when treated with 660 nm light,
whereas SR-B1 negative, untransfected CHO cells neither took up the particles nor
were affected by light treatment [80]. To our knowledge, these and other constructs
are awaiting efficacy testing in murine models.

3.3.4 Modification of HDL-like NP for Uptake via Alternate
Receptors

HDL-like NPs can also serve as scaffolds for the attachment of alternative targeting
ligands for binding receptors beyond SR-B1. Corbin et al. [81] exploited the fact
that over 90 % of non-mucinous ovarian cancers overexpress folate receptor-α (FR-
α), as previously reported [82]. The authors first synthesized HDL-like NPs com-
posed of apoA-1, egg yolk phosphatidylcholine, and cholesteryl oleate and then
covalently attached folate to the lysine residues of apoA-I. Folate modification
abolished the ability of the particle to interact with SR-B1, therefore re-routing the
HDL-like NP to FR-α. The researchers used this technique to specifically deliver a
near-infrared fluorescent dye to ovarian tumors in mice, enabling in vivo tumor
imaging [81, 83]. Current studies are underway to utilize these particles to deliver
therapeutic antineoplastic agents as well.

3.3.5 Natural HDLs for Systemic Delivery of siRNA
The potential of HDLs and HDL-like NPs as delivery vehicles for nucleic acids
emerged from a few key studies. The first data demonstrating the interaction
between natural HDLs and siRNAs focused on siRNA sequences terminally
modified with lipophilic moieties, like cholesterol. Addition of lipophilic siRNAs
resulted in siRNA-specific gene silencing in cultured cells in vitro and in the liver
following systemic administration [84–86]. These observations prompted investi-
gations to better understand how lipophilic siRNAs were being productively
delivered to target cells and the liver. Toward this end, Wolfrum et al. demonstrated
that systemically injected lipid-modified siRNAs spontaneously bound lipoproteins
in the serum (i.e., HDL and LDL). As such, lipoprotein-bound siRNAs were then
delivered to tissues that express receptors for specific lipoproteins. In the case of
HDL-bound siRNAs, delivery was mediated by SR-B1 [87].

In addition, upon extraction of natural HDLs from human plasma, Vickers et al.
demonstrated that HDLs naturally bind and stabilize microRNAs [14]. Further, they
found distinct microRNA profiles from HDL of healthy human samples compared
to subjects with hypercholesterolemia. For example, the most abundant microRNA
associated with HDLs in healthy subjects was hsa-miR-135a, whereas hsa-miR-223
was the most abundant microRNA found in hypercholesterolemic patients. To
determine if HDL had the capacity to load microRNAs in vivo, rHDLs free of RNA
were intravenously injected into wild-type or apoE null mice. After 6 h of incu-
bation, rHDLs were isolated from mouse plasma. rHDLs isolated from healthy mice
produced 110 unique miRNAs while rHDLs isolated from the apoE null mice were
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found to contain 162 microRNAs. These results suggest that HDL has the capacity
to bind microRNAs in vivo. In addition, Vickers et al. determined that HDL
transfers microRNA to recipient cells though ABCA1. By increasing the expression
of ABCA1 in J774 murine macrophage cells using a liver-X-receptor-α agonist
(LXRα), they were able to demonstrate an increase in abundance of miR-223
associated with rHDL in the presence of the LXRα. Finally, to determine the
importance of SR-B1 mediated microRNA delivery, baby hamster kidney (BHK)
cells were stably transfected with an inducible human SR-B1 vector to increase the
expression of SR-B1. Upon treatment of induced BHK cells with native HDL and
native HDL pre-complexed with miR-223, induced BHK cells resulted in a 69-fold
increase in intracellular levels of hsa-miR-223 compared to induced BHK cells
treated with native HDL. These data suggest that HDL delivered microRNA
depends on SR-B1 expression. These data demonstrate that natural HDLs bind,
stabilize, and productively deliver RNAs to cells that express SR-B1.

Collectively, it has been demonstrated that HDLs are natural nucleic acid
delivery vehicles with high potential for overcoming hurdles associated with sys-
temic siRNA delivery. As such, there has been a significant focus on the devel-
opment of synthetic HDL-like vectors for the delivery of nucleic acids. Importantly,
and described below, synthetic HDL-like platforms vary with regard to size, charge,
and surface chemistry. The goal of these efforts is to understand the parameters of
natural HDLs that lead to RNA binding, stabilization, and productive delivery to
target cells, like cancer cells, that express receptors for HDL.

3.4 Synthetic HDL-like Nanoparticles for Nucleic Acid
Delivery

3.4.1 Spherical HDL Gold Nanoparticles for Delivery of Nucleic
Acids

Our research group pioneered the synthesis of HDL-like NPs using a gold nano-
particle (AuNP) core template. We demonstrated that these particles tightly bind
cholesterol (Kd = 3.8 nM) [88] and function to modulate cholesterol metabolism in
target cells through the same receptors as natural HDLs [89, 90]. Because our HDL-
like AuNPs tightly bind cholesterol, and natural HDLs spontaneously associate
with lipidated siRNAs after systemic administration, we hypothesized that our
HDL-like AuNP platform could be utilized to adsorb cholesterol modified nucleic
acids for delivery to target cells that express SR-B1. Initially, we tested this
hypothesis using cholesterylated antisense DNAs (chol-DNA) for delivery to
prostate cancer cells that express SR-B1 [91]. As in our previous work, we
developed a synthetic HDL-like nanostructure that closely mimics the size, shape,
and surface chemistry of natural, mature spherical HDLs [88]. A 5 nm AuNP was
used as a scaffold to control the size, shape, and composition of synthetic, spherical
HDL-like AuNPs. We termed these high-density lipoprotein-like gold nanoparticles
(HDL-like AuNPs). They are similar in size to their natural mature spherical HDL
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counterparts and have a similar surface composition: approximately 3 copies of
apoA-I and an outer phospholipid layer of zwitterionic 1-2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) [88], [89]. Moreover, chol-DNAs bound to HDL-like
AuNPs (chol-DNA-HDL-like AuNPs) can overcome many of the difficulties
associated with in vitro nucleic acid delivery. For instance, HDL-like AuNPs sta-
bilize chol-DNA against nuclease degradation. Further, chol-DNA-HDL-like
AuNPs do not exhibit off-target cellular toxicity and are efficient conjugates for
delivering nucleic acid to regulate target gene expression. Following cell treatment,
transmission electron micrographs suggested that chol-DNA-HDL-like AuNPs
bypass endolysosomal sequestration, a major biological hurdle in nucleic acid
delivery. This manuscript was the first to demonstrate synthetic, biomimetic HDL-
like AuNPs as a delivery vehicle for nucleic acids [91].

In addition, our group recently reported the ability of HDL-like AuNPs to deliver
cholesteryl-modified single stranded RNA (RNAi-HDL-like AuNPs) for modulat-
ing gene expression in the context of neovascularization and angiogenesis, both
in vitro and in vivo [92]. RNAi-HDL-like AuNPs were functionalized with anti-
sense RNA targeting vascular endothelial growth factor receptor 2 (VEGFR2), the
receptor for vascular endothelial growth factor (VEGF), a key regulator of neo-
angiogenesis. The RNAi-HDL-like AuNPs were delivered to cultured vascular
endothelial cells, which express SR-B1, and are responsible for the formation of
new blood vessels. RNAi-HDL-like AuNPs effectively reduced VEGFR2 expres-
sion in target endothelial cells. In addition, treatment with RNAi-HDL-like AuNPs
also reduced VEGF-induced endothelial cell survival and morphogenesis. Impor-
tantly, knockdown of SR-B1 expression by cultured endothelial cells reduced the
uptake of RNAi-HDL-like AuNPs and drastically reduced VEGFR2 knockdown.
Accordingly, SR-B1 expression, like for natural nucleic-acid-carrying HDLs, was
shown to be required for the internalization and function of RNAi-HDL-like
AuNPs. Most importantly, in vivo data showed that RNAi-HDL-like AuNPs reduce
neovascularization induced by VEGF after local and systemic injection of the
conjugates. Further, systemic administration of RNAi-HDL-like AuNPs targeting
VEGFR2 significantly reduced target gene expression, tumor volume, and tumor
weight in Lewis lung carcinoma tumor xenografts, a tumor model well known for
its high degree of vascularity. Collectively, these data suggest that synthetic,
spherical HDL-like AuNPs are an efficient delivery vehicle for systemic nucleic
acid delivery to cells and tissues involved in carcinogenesis both in vitro and
in vivo.

3.4.2 HDL-Mimicking Peptide-Phospholipid Scaffold (HPPS)
Nanoparticles for siRNA Delivery

Other HDL-like NPs have been used to deliver nucleic acids. Yang et al. [93]
designed an HDL-like NP using a peptide-phospholipid scaffold, termed HPPS
particles. The particles consisted of phospholipids, cholesteryl oleate, and amphi-
pathic α-helical peptides, which mimic apoA-I. The components self-assembled
into structures similar to plasma-derived HDL. Direct incubation of HPPS particles
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with cholesteryl conjugated siRNAs (chol-siRNA) targeting the oncogene B-cell
lymphoma-2 (chol-si-bcl-2) resulted in final constructs with a hydrodynamic
diameter of 25.3 ± 1.2 nm and contained an average of 8 chol-siRNAs per particle.
The surface charge of the particle shifted from −2.7 ± 1.9 mV to −15.2 ± 4.8 mV
when chol-siRNA was added, which is consistent with RNA loading. Data showed
that HPPS particles delivered siRNA cargo to the cytosol of SR-B1 expressing cells
and regulated target gene expression. Treatment of KB cells expressing SR-B1
resulted in a 35 ± 9 % reduction of BCL-2 protein as compared to the control, and a
2.5-fold increase in apoptosis was measured when compared to chol-si-bcl-2 siRNA
alone. Importantly, HPPS chol-si-bcl-2 particles were not effective in knocking
down Bcl-2 in HT1080 cells that express minimal SR-B1. Furthermore, and con-
sistent with SR-B1 expression, HPPS particles efficiently deliver siRNA cargo to
the cytoplasm of target cells, bypassing endolysosomal sequestration. These results
suggest that HPPS chol-si-bcl-2 particles utilize SR-B1 for efficient siRNA delivery
and target gene knockdown.

3.4.3 Reconstituted HDL for siRNA Delivery
As mentioned above, reconstituted HDLs (rHDLs, distinct from the HDL-like NPs
described in Sect. 3.3.1), are synthetic forms of human HDL essentially composed
of phospholipids, apoA-I, cholesterol, and esterified cholesterol [63]. For siRNA
delivery, Shahzad et al. [94] incorporated siRNA into rHDL nanoparticles. The
particles were approximately 10 nm in diameter, had a net neutral charge
(−3.2 mV), and demonstrated efficient delivery of siRNA to target cells. Further,
rHDL-siRNA conjugates were shown to regulate target gene expression after sys-
temic administration in orthotopic ovarian and colorectal cancer models. This group
found that rHDLs loaded with fluorescently labeled siRNA showed preferential
uptake in mouse tissues that highly expressed SR-B1 (i.e., tumor and liver), with
minimal fluorophore-labeled siRNA in other tissues such as the brain, heart, lung,
kidney, and spleen. Importantly, this work provides insight into cell-specific tar-
geting in vivo, especially in tumor bearing mice, suggesting efficient delivery to
tumor cells that express SR-B1.

A similar approach to delivering siRNA using an rHDL nanoparticle has been
demonstrated by Ding et al. [95]. Here, rHDL nanoparticles were synthesized using
a mixture of phospholipids, apoA-I, cholesterol, and cholesteryl esters. In contrast
to the previously cited work, Ding et al. incorporated cholesteryl modified siRNA
sequences into the rHDL nanostructure. This approach yielded a rHDL/chol-siRNA
complex that was *90 nm in diameter with a near-neutral charge of −4.2 mV.
Consistent with previous findings, the rHDL protected siRNA from nuclease
degradation and rHDL/chol-siRNA was effective in silencing gene expression
in vitro and in vivo. The siRNA sequence was targeted to Pokemon. Pokemon is a
proto-oncogene overexpressed in a number of human cancers and induces carci-
nogenesis by repressing two key tumor suppressive pathways: one, the alterative
reading frame (ARF)-multiple murine double minute gene 2 (HDM2)-p53 pathway,
and two, the retinoblastoma (Rb)-early-region-2 transcription factor (E2F) pathway.
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Systemic administration of rHDL/chol-siRNA particles complexed with siRNA
targeting Pokemon demonstrated a reduction in tumor volume of HepG2
xenografts.

3.4.4 ApoE Lipopeptide Nanoparticles for siRNA Delivery
In addition to apoA-I, apoE has been used as a targeting moiety for HDL-like NPs.
Dong et al. [96] generated a library of NPs composed of phospholipids, cholesterol,
polyethylene glycol-lipid, siRNA, and different lipopeptides––lipids with constit-
uent groups conjugated to different amino acids, peptides, and polypeptide head
groups. The library was generated to evaluate combinations of lipoamino acid
derivatives designed to mimic apolipoproteins associated with natural lipoproteins.
They initially screened the lipopeptide nanoparticle’s (LNP) capacity to silence
Factor VII (a blood clotting factor) in mice following intravenous injection. Upon
further screening, a lead compound, CKK-E12, was used to evaluate the silencing
of phosphatase and tensin homolog (PTEN) in different tissues after intravenous
administration in mice. Data showed a significant silencing of PTEN in the liver
compared to the lung, spleen, kidney, heart, and brain. On further examination of
the liver, CKK-E12 LNPs silenced over 80 % of PTEN in hepatocytes; however, it
showed no significant silencing in endothelia cells and leukocytes in the liver with
comparison made to a luciferase siRNA-formulated CKK-E12 LPN, as a control.
To study the effects of cell uptake and gene silencing with regard to apolipoprotein
species, CKK-E12 LNPs were mixed with 11 isoforms of apoA, apoB, apoC, apoE
and apoH. Upon transfection of HeLa cells, results showed that apoA, apoC, and
apoH did not show significant gene silencing; however, four apoE isoforms showed
improved luciferase silencing and the apoE-3 isoform increased cellular uptake and
endolysosomal escape when added to cultured cells on treatment with CKK-E12
LNPs. Collectively, these data demonstrate that particle optimization can signifi-
cantly improve specificity and efficacy, and improvements such as these offer the
potential to broaden the therapeutic application of siRNA therapeutics. Further, the
incorporation of apoE, instead of apoA-I into HDL-like particles appears to be
superior in silencing gene targets in the liver [97]. ApoE-conjugated HDL-like NPs
more efficiently delivered chol-siRNA to hepatocytes compared to apoA-I-conju-
gated particles, presumably due to the employment of a different uptake mechanism
(LDL receptor for apoE vs. SR-B1 for apoA-I) [97].

In addition, Fischer et al. [98] explored the biodistribution, toxicity, and
potential of human cloned apoE4 containing NPs to deliver a variety of different
compounds, including cholesterol modified single stranded DNA (ss-DNA) [98].
The authors used a series of modifications to conjugate additional cargo to their
apoE-HDL-like NPs, namely nickel-chelating lipids for binding His-tagged pro-
teins, highly hydrophobic molecules like cholesterol for covalently linkage to cargo
(like chol-ssDNA), and covalent conjugation of proteins to lipophilic moieties for
binding to the lipid bilayer. The resulting suite of HDL-like NPs was stable in
complex biological matrices and were shown to be non-cytotoxic in vitro at con-
centrations up to 320 mg/ml. Administration of the particles in vivo did not cause
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weight loss, organ specific toxicity, or overt immunogenicity. Biodistribution of the
particles varied by route of administration, with preferred accumulation of the
particles in kidney and liver after intravenous, intraperitoneal, intramuscular, or
subcutaneous administration.

3.5 HDL-like Nanoparticles: Intrinsically Therapeutic
Agents

More recently, HDL-like AuNP constructs have shown intrinsic therapeutic activity
without requiring additional molecular drug cargo [90]. The HDL-like AuNPs are
similar to the nanoparticles our group employed for cholesterylated nucleic acid
formulation, as previously discussed. The structural conformation and number of
apoA-I molecules, as well as phospholipid number, particle size, and negative
particle charge are consistent with natural HDLs [91, 92]. Our data demonstrate that
the HDL-like AuNPs directly compete with natural HDLs to target SR-B1, a high-
affinity HDL receptor expressed by lymphoma cells. Uniquely, the AuNP template
at the core of the HDL-like AuNP enables differential modulation of cholesterol
flux compared with natural HDL. Data show that binding of SR-B1 and the
manipulation of cholesterol homeostasis in B lymphoma cells upon treatment with
the HDL-like AuNP leads to a selective induction of apoptosis. Furthermore, upon
HDL-like AuNP treatment to mice bearing B-cell lymphoma xenografts, data show
inhibition of B cell growth compared to mice treated with human HDL or saline.
Collectively, these data suggest that HDL-like AuNPs may provide opportunities as
stand-alone therapies due to cooperative SR-B1 targeting and manipulation of
cellular cholesterol homeostasis in B cell lymphoma [90].

In addition to our findings, Zheng et al. found that their SR-B1-targeted HPPS
NP inhibited motility and colony formation of nasopharyngeal carcinoma (NPC)
cells [71, 99, 100]. The NPs were active in nude mice bearing subcutaneous tumors.
This effect involved neither tumor cell necrosis nor apoptosis, suggesting an
alternative tumor-shrinking mechanism that is related to HPPS-induced inhibition
of NPC cell motility and colony formation. ApoA-I-mimetic peptides have been
shown to exhibit antitumor activities by reducing plasma levels of lysophosphatidic
acid, a stimulator of cell migration, invasion, and colony formation [101]. While
apoA-I-peptide may be involved in the antitumor mechanism of HPPS, the exact
mechanism is still unknown.

In conclusion, a significant body of evidence demonstrates that biomimicry may
play an important role for next generation cancer therapies. Synthetic HDL-like NP
mimics are appealing as new treatments, due to their inherent active targeting to
cancer cells and their ability to deliver diverse therapeutic cargo. Importantly,
synthetic HDL-like NPs can be manipulated such that they are able to bind and
deliver small molecules, photothermal reactive agents, nucleic acids, and may also
be stand-alone entities that are intrinsically active. Furthermore, HDL-like NPs can
also serve as delivery vehicles for imaging agents. Research directed at these
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intriguing nanostructure conjugates has only begun. Further, preclinical and clinical
development of these new approaches based on HDL biology may offer tremendous
new therapeutic opportunities for patients with cancer.
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Abstract

Nanomaterials have been shown to have physical and chemical properties that
have opened new avenues for cancer diagnosis and therapy. Nanoconstructs that
enhance existing treatments for cancer, such as radiation therapy, are being
explored in several different ways. Two general paths toward nanomaterial-
enabled radiosensitization have been explored: (1) improving the effectiveness
of ionizing radiation and (2) modulating cellular pathways leading to a
disturbance of cellular homeostasis, thus rendering the cells more susceptible to
radiation-induced damage. A variety of different agents that work via one of
these two approaches have been explored, many of which modulate direct and
indirect DNA damage (gold), radiosensitivity through hyperthermia (Fe), and
different cellular pathways. There have been many in vitro successes with the
use of nanomaterials for radiosensitization, but in vivo testing has been less
efficacious, predominantly because of difficulty in targeting the nanoparticles.
As improved methods for tumor targeting become available, it is anticipated that
nanomaterials can become clinically useful radiosensitizers for radiation therapy.
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1 Introduction

Physical and chemical peculiarities of nanomaterials and their distinct differences
from biological molecules upon internalization by cells or tissues open new avenues
for anticancer treatments in all fields of oncology including radiation oncology.
Considering that radiation is used for treatment of over 50 % of all cancers, agents
that could modulate the effects of radiotherapy generate much interest in the field.
Probably the most drastic differences between biological molecules and nanoma-
terials can be observed with respect to their “response” to ionizing radiation. While
chemical bonds of most organic polymers suffer radiation damage, most nanoma-
terials accept or release electrons and photons without significant structural changes
following radiation exposure. Moreover, depending on their surface modifications,
the same nanostructures sometimes have opposite effects on their immediate (bio)
chemical surroundings. Thus, for example, fullerenes (C60) increase reactive oxy-
gen species (ROS) accumulation in cells in conjunction with ionizing radiation (e.g.
[44]) leading to increased cell death, while hydroxyl group-modified fullerenes
(C60OH24) have been found to be antioxidative and antiapoptotic (e.g. [55]).

In whole cells, ROS generated from the radiolysis of water is one of most
pronounced, though not the only effect of ionizing radiation (e.g. [14]). ROS can
cause damage to any one of the cellular components—nucleic acids, proteins,
sugars and lipids, as well as direct energy deposition and ionization. Due to their
short half-life in cells ROS traverse no more than 6 nm on average [53]; therefore
ROS formation inside cell nuclei, close to the DNA is the most damaging for cells
as it leads to the formation of DNA single-strand and double-strand breaks (DNA
SSBs and DSBs). The extent of DNA damage in cells is most often measured by
single cell gel electrophoresis (or “comet assay”) which is extremely sensitive or,
for “bulk” cells, with pulsed field electrophoresis, a technique much less sensitive to
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DNA damage which requires high doses of radiation for detection [46]. Repair of
DNA DSBs, completeness and accuracy of the repair make up the critical decision
moment for irradiated cells. Misrepaired or unrepaired DNA damage can lead to
cell death via apoptosis, autophagy, necrosis, or mitotic catastrophe. While cell
death is often evaluated with clonogenic survival assays, the numbers and persis-
tence of DNA DSB foci—complexes of proteins making up the DNA repair
machinery, detected by immunocytochemistry—are used as a measure of the cel-
lular ability to repair damage induced by irradiation [54]. The presence of
nanomaterials in cells, in different subcellular compartments, can perturb either (or
both) the physicochemical outcomes of radiation or the cellular capacity to repair
radiation-induced damage. While some nanoconstructs may protect cells from the
effects of radiation or have no “interactions” with radiation, nanoconstructs that
increase cytotoxic effects of radiation—the radiosensitizing nanoconstructs, have
opened a new area of study in the field of radiation oncology.

Two general paths for nanomaterial-enabled radiosensitization include: (a) the
improvement of the effectiveness of ionizing radiation (e.g. by increasing energy
deposition or by fortifying production of ROS) (Fig. 1) and (b) the modulation of
cellular pathways and the disturbance of cellular homeostasis to render cells more
susceptible to radiation (Fig. 2).

It should also be emphasized that for optimal nanoparticle-mediated radiosen-
sitization, targeting of nanomaterials to specific cell types or subcellular organelles
plays a significant role. While selection of best targeting moiety is in and of itself a
complicated task, it should be remembered that surface modifications on nanom-
aterials are not static—nanomaterials accumulate and exchange components of
tightly and loosely bound surface protein corona as they progress through cells and
their environment (e.g. [40]). According to the “therapeutic ratio” concept, mod-
ulating radiation effects on all the cells in the organism equally would provide no
advantage over radiation alone if radiation could not be targeted. Therefore, precise
in vivo tissue-specific and subcellular delivery of nanomaterials plays a big role in
the development of radiosensitizing nanoparticle constructs. However, while (some
type) of targeting is absolutely essential for other anticancer nanoparticle formu-
lations (for reviews see e.g. [47]), fortunately that is not so for radiosensitizing
nanoconstructs. Ionizing radiation delivery has become so sophisticated that dif-
ferent treatment modalities enable dose delivery closely matching tumor topology.
In such a scenario radiosensitizing nanoconstructs would further potentiate such
dose differences. In any event, several other chapters of this book discuss nano-
particle targeting more directly, hence this topic will not be specifically addressed
here. Rather, this chapter will focus on molecular and biochemical events that occur
when nanoparticles are placed in the path of ionizing radiation quality photons. In
the interest of brevity, we will not discuss either the basics of radiation physics and
radiation biology or the molecular mechanisms relevant for cellular responses to
radiation. Much more on these topics can be found in several radiation biology
textbooks, e.g. [14, 25]. Finally, the use of nanoparticles for delivery of radio-
nuclides (e.g. [45]) or the delivery of “small molecule” radiosensitizers (e.g. cis-
platin [71], paclitaxel [61, 64], docetaxel [63], or curcumin [67]) will also not be
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covered in this chapter, as this research belongs more appropriately into the topic of
“cargo delivery” with nanoparticles, covered conceptually in other chapters of this
book. We will touch only very briefly upon nanoconstruct-mediated nucleic acids
delivery focusing on those cases where nucleic acids are especially relevant for
regulating susceptibility toward ionizing radiation exposure.

Elemental and molecular compositions of nanoparticles discussed in this chapter
will include gold, platinum, silver, cerium oxide nanoparticles, gadolinium-doped
titanium dioxide and titanium dioxide, iron oxides, copper oxide, gadolinium-car-
rying nanoparticles, as well as a few polymeric nanoparticles made of elements with
small Z values. In response to ionizing radiation elements with higher atomic
numbers (greater Z value) produce energetic secondary X-rays, photoelectrons and
Auger electrons, while lower Z elements release predominantly Auger electrons; the
same is true for nanomaterials made of these materials [2]. Several high Z materials
that have been tested as radiosensitizers, e.g. iodine [34] or germanium oxide [29],

Fig. 1 Schematic drawing of radiocatalysis by nanoparticles. Exposure of nanoparticles to ionizing
radiation (e.g. X-rays) causes Compton and Photoelectric effects—photoelectrons and Auger
electrons (e−) are ejected from the nanoparticles as well as photons of different energies, including
secondary fluorescent X-rays. In addition, in semiconductor nanoparticles release of electrons leads
to formation of reactive electropositive holes (h+) on nanoparticle surface. Free electrons and
electropositive holes on nanoparticle surface can damage cellular components directly or lead to
production of reactive oxygen species (superoxide O��

2 , hydroxyl radical �OH, hydrogen peroxide
H2O2) which are also formed by radiolysis of water (adapted from [2, 24, 39])

154 T. Paunesku et al.



were found to work as radiosensitizers equally well as single molecules or as
nanoparticle formulations.

Finally, we will also speculate about additional, potentially radiosensitizing (but
not yet tested with radiation), nanoparticles. One can predict, for example, that
nanoparticles that perturb the cell cycle may serve as radiosensitizers. Chemo-
therapeutic drugs with such properties have been in use for chemoradiotherapy for
many years. For example, paclitaxel treatment favors accumulation of cancer cells

Fig. 2 Cellular effects of radiosensitizing nanomaterials. Several different “pathways” to
radiosensitization by nanoparticles exist. In the first place, free electrons (released by nanoparticle
ionization) are absorbed by surrounding molecules within 15–200 nm from particle surface (e.g.
[2, 73]) and ROS (which on average traverse 6 nm distances in cytosol [53]) produced by
nanoparticles damage cellular components in addition to incident ionizing radiation and products
of water radiolysis. Free electrons and ROS oxidize proteins, peroxidize lipid membranes (cell and
organelle membranes both), and produce SSBs and DSBs in DNA [14]. Secondly, nanomaterials
may be used to develop hyperthermia under the influence of alternating magnetic field or near
infrared light (e.g. [1, 33]). Thirdly, physical interactions between nanomaterials and cellular
components, biomolecules, molecular assemblies, and organelles modulate behavior of these
cellular elements in different ways leading to such outcomes as perturbations in cell cycle or DNA
repair (e.g. [2, 69]). Fourthly, nanomaterials can be made of components (or carry a cargo)
specifically designed to make the recipient cells more sensitive to radiation, such as, e.g. delivery
of anisense oligonucleotides for DNA repair regulating genes, miRs, or delivery of weak ligands
for UPS machinery (e.g. [3, 27, 74])
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in G2 and M phases, the most radiation-sensitive phases of the cell cycle, and for
that reason it synergistically interacts with ionizing radiation [57]. Incidentally, poly
(D,L-lactide-coglycolide)(PLGA) nanoparticles containing taxols are currently
being developed as radiosensitizers [18].

1.1 Irradiation in the Presence of Nanomaterials—Effects
on Specific (Sub)Cellular Structures and Chemical
Milieu

Genomic DNA is the most important target of radiation-induced cellular killing,
and therefore we will begin by reviewing work that investigated interactions
between DNA and nanoparticles in vitro in the course of exposure to ionizing
radiation [73]. The formation of single-strand and double-strand (SSBs and DSBs)
DNA breaks in an in vitro setup, using plasmid DNA and gold nanoparticles was
used as a proxy for the physicochemical processes governing gold-mediated
increase in DNA damage. The basic mechanisms underlying this DNA sensitization
were evaluated with electron bombardment with different electron energies [73]. In
this study, low electron energies of 1, 10, and 100 eV as well as high energy 60 keV
electrons were used. In addition to “standard” DNA lesions such as the SSB and
DSB, loss of supercoiled DNA was also used as an index of DNA damage. In this
work, considerations for the use of appropriate controls led the authors to compare
pure plasmid DNA with “salted DNA” (three Na+ per base) and 1:1 (one particle
per plasmid) complexes of DNA with gold nanoparticles (solid gold particles
5 ± 2 nm in size). The yields of all three types of DNA damage (SSB, DSB, and
supercoil loss) were enhanced by a factor of 2 or more when plasmid–nanoparticle
complexes were compared to the salted DNA sample. This increase was the greatest
when 10 eV electrons were used to irradiate DNA–nanoparticle complexes. This
finding was explained by the fact that the damage to DNA with 10 eV electrons
comes from transient anions forming in the DNA molecule (i.e., the bases, sugar,
and phosphate groups) and the gold nanoparticles as well. These anions are
resolved either by dissociative electron attachment (DEA), or by deposition of
energy into local chemical bonds, resulting in bond breakage. Because DNA
damage increased when electrons of 1 and 10 eV are used with nanoparticle–DNA
complexes, the authors contended that the gold nanoparticles greatly increase the
DEA cross section. Overall, the mechanisms responsible for plasmid DNA damage
caused by gold nanoparticles and radiation included: [1] the production of short-
range secondary electrons by the gold that has absorbed incoming electrons, with a
high probability of interacting with the DNA if the gold particles are in complex
with it, and [2] the efficient absorption of low energy electrons by the gold nano-
particles. Moreover, Sanche and collaborators consider these mechanisms critical
for gold nanoparticle-dependent DNA damage caused by exposure to X-rays as
well, especially for photon energies of 100–110 keV (produced at 100–250 kVp)
[73]. It is worth noting, however, that any increase in the distance between the gold
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nanoparticle surface and plasmid DNA led to a decrease in DNA damage as well.
For example, gold nanoparticles coated either with thiolated undecane, dithiolated
diethylenetriaminepentaacetic or gadolinium chelating agents reduce (for the same
nanoparticle size, particle:plasmid ratio and irradiation conditions) DNA damage
enhancement from 2.3 to 1.6 [66].

Using a nucleic acid free system, i.e., gold and silver nanoparticles embedded in
an alanine matrix, one recent study used electron spin resonance spectroscopy
(ESR) to evaluate dose enhancement in the presence of gold and silver nanopar-
ticles [11]. A conclusion from this work was that, irrespective of X-ray energy,
larger and distantly spaced nanoparticles do not cause dose enhancement compared
to smaller and closely clustered nanoparticles. Both silver and gold nanoparticles
were used in numerous in vitro and in vivo assays (see Sect. 1.2).

In addition to low linear energy transfer (low LET) irradiation (X-rays and
gamma rays and free electrons), heavy ion irradiation can be combined with the
nanoparticles use as well. Two recent studies by Porcel and others [49, 50] with
plasmid DNA and 3 nm platinum nanoparticles coated with polyacrylic acid
compared effects of gamma rays with particulate, high linear energy transfer (high
LET) irradiation. In this case SSBs and DSBs in plasmid DNA were caused by
exposure to gamma rays (with LET = 0.2 keV/μm) and several heavy ions (He2+

LET = 2.3 keV/μm and C6+ LET = 13 keV/μm and LET = 110 keV/μm) alone or in
combination with platinum nanoparticles. In all cases nanoparticle addition
increased the effects of radiation damage. Use of high Z element (HZE) nanopar-
ticles may be an interesting way to increase the efficiency of high LET radiation
treatments.

A comprehensive cell-free study on gold nanoparticles in aqueous solution
(without addition of nucleic acids) was also done recently by Misawa and Ta-
kahashi [39]. Diagnostic quality X-rays (with a dose rate of 1 Gy/min) in the
presence of gold nanoparticles (5–250 nm in diameter) produced increased amounts
of reactive oxygen species (ROS), compared to irradiation of aqueous media alone;
this increase reached 1.46 for ∙OH and 7.68 for O2� . This finding was explained in
part by electron emission of both photo- and Auger electrons and emission of
photons of secondary fluorescent X-rays. The authors found that fluorescent X-ray
production (which may lead to secondary excitations) and ionization along the X-
ray path depended primarily on the volume of the gold particles. More dramatically,
however, ROS generation in the presence of gold nanoparticles was inversely
proportional to particle diameter indicating that the dominant parameter for ROS
production is the surface area of nanoparticles, and not their weight percentage,
possibly due to catalytic effects at the particle–water interface. The ROS species
evaluated were ∙OH, O2� and 1O2, all of them biologically relevant, with diffusion
lengths reaching no more than a few hundreds of nanometers in aqueous media. As
mentioned earlier, in a more complex environment of cytosol or nucleosol most
ROS progress no more than 6 nm on average [53]. In general, ∙OH species interact
with lipids, polysaccharides, proteins, and nucleic acids rapidly and locally. O2�

radicals react more slowly with lipids, however, in the presence of iron and
hydrogen peroxide these radicals can lead to production of ∙OH radicals (these
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chemical processes are described by Haber–Weiss and Fenton reactions). Finally,
1O2 radicals react with unsaturated fatty acids, beta-carotene, amino acids, and
methionine. Each one of these interactions damages biomolecules and causes stress
than can lead to cell death or genomic instability.

1.2 Irradiation in the Presence of Nanomaterials—Effects
on Cells in Vitro and/or Tumors in Vivo

While it is known that irradiation of gold nanoparticles in complexes with DNA
leads to DNA damage, the effects of gold nanoparticles on whole cells are far more
complex and have rarely been fully investigated in a single research paper. Most
frequently, in cellular in vitro studies changes in cell viability are the primary
endpoint of investigation, and the exact mode of action of nanoparticles has
received relatively little attention. A few examples of such work (see Sect. 2)
suggest that biochemical/biological effects of gold nanoparticles play perhaps an
even greater role in radiosensitization than the production of secondary electrons.

In an effort to investigate the exact radiation parameters for increased radiation-
dependent cell killing in vitro in the presence of gold nanoparticles, Rahman and
others [51] used 1.9 nm gold nanoparticles (mixed at 0.197 mg/ml) with bovine
aortic cells and exposed such cells to monochromatic, synchrotron-generated X-
rays of 30, 40, 50, 60, 70, 81, and 100 keV. The greatest dose enhancement in cell
killing was found for the combination of gold nanoparticles with 40 keV X-rays,
followed by 50 and 60 keV dose enhancement values. Gold nanoparticles were also
tested in combination with proton irradiation [48], and increased cell killing was
found in samples of cells that had internalized the nanoparticles. (It should be noted
that prolific ROS production outside of cells but close to cellular membrane can
lead to cell death as well.)

Increased efficiency of radiation was also noted when radioactive seed therapy
(I-125 brachytherapy seeds) was combined with gold nanoparticles [43]. Dose
ranges varied between 2.1 and 4.5 cGy/h with an even dose distribution in adherent
layers of HeLa cells. These cells were treated with 50 nm gold nanoparticles, and
the number of gamma H2AX foci (signifying DNA DSBs) following irradiation in
nanoparticle treated cells was 1.7–2.3 fold greater compared to controls.

Nanoconstructs prepared by simple one-pot synthesis as silver nanoparticles
coated with egg white proteins were used to radiosenistize breast adenocarcinoma
cells [30]; increasing concentration of nanoparticles with a fixed (4 Gy) irradiation
led to increased cell killing even though no cytotoxicity was recorded in the absence
of radiation, even at the maximal concentration of conjugates (12 mg/L).

Silver was also used to make the shell on the surface of carbon nanodots [24].
These nanoconstructs (5–100 nm in size including polyethylene glycol (PEG)
coating) were tested in vitro both for photodynamic therapy and as radiosensitizers.
Reduction in cell survival of Du145 prostate cancer cells with combination treat-
ment, compared to radiation alone, was twofold with 15 Gy.
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A growing body of literature shows promising data on nanoparticle-mediated
radiosensitization in vivo. For example, syngeneic EMT-6 mammary tumors
implanted subcutaneously into the hind limb of Balb/c mice and injected intrave-
nously with 1.9 nm gold nanoparticles were irradiated 2 min later with 110 keV X-
rays (produced at 250 KVp) by Hainfeld and others [12]. At gold concentration of
2.7 g/kg and 26 Gy dose complete tumor regression for 1 year was obtained for
86 % of mice compared to 20 % of mice given irradiation alone. In their more
recent work, the same group of investigators used 11 nm gold nanoparticles
administered intravenously at 4 g/kg to B6C3F1 mice bearing syngeneic orthotopic
Tu-2449 brain tumors. Fifteen hours after nanoparticle administration, these mice
were exposed to local 30 Gy (at 100 KVp) irradiation. A year after treatment 50 %
of mice exposed to radiation in the presence of nanoparticles were still alive [13].

Among the nanomaterials that radiosensitize cells by potentiating the physico-
chemical effects of radiation is cerium oxide. Cerium oxide particles (5–8 nm)
engage in different chemical reactions with different reactive oxygen species in a
pH-dependent manner. At acidic pH, cerium oxide nanoparticles scavenge super-
oxide radical and produce hydrogen peroxide. At neutral pH values, cerium oxide
nanoparticles scavenge H2O2 in a chemical reaction resembling the decomposition
of hydrogen peroxide to water and oxygen mediated by catalase [62]. This pH-
dependent behavior of cerium oxide leads to radioprotection of healthy tissues and
cells living under “neutral pH” conditions, and confers radiosensitization of cancer
cells that are characterized by an acidic intracellular milieu. This was shown not
only with clonogenic assays in vitro, but also in vivo, using mice carrying ortho-
topic pancreatic tumor (human cell line L2.6pl) xenografts. While nanoparticles
alone delivered intraperitonealy (IP) caused tumor volume reduction and apoptotic
cell death as determined by TUNEL staining, administration of cerium oxide
nanoparticles prior to ionizing radiation lead to increased tumor regression and
enhanced apoptotic cell death [62]. As the production of ROS in acidic subcellular
environment could lead to increased toxicity, one of the potentially interesting
approaches to increase the usability of cerium oxide nanoparticles is to target them
to acidic lysosomes by covering them with a negative surface charge [8].

Increased production of ROS and the subsequent increase of cell death moni-
tored by in vitro assays were found both with gold nanoparticles and nanoparticles
made of other materials. For example, lanthanide-doped titanium oxide nanopar-
ticles increased radiation-induced cell death of several human cell lines [59]. Levels
of radiosensitization differed from cell type to cell type (embryonal rhabdomyo-
sarcoma cell lines RD, alveolar rhabdomyosarcoma RH30 and breast cancer cell
line MCF7), suggesting that the cellular capacity for nanoparticle uptake as well the
ability to cope with ROS burdens play very significant roles in any radiosensiti-
zation by means of nanomaterials. The same nanoparticle type (silica coated and
rare earth doped TiO2 crystals 3–10 nm in size) was injected into tumors in vivo.
Tumor-bearing mice were irradiated with 10 fractions of 2.5 Gy followed by 3
fractions of 2 Gy over the same period [60]. Hind limb xenograft tumors grown in
SCID mice were human lung adenocarcinoma cell line A459; in the presence of
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nanoparticles (three injections of 50 ml of 1 mg/ml nanoparticles each) an addi-
tional twofold reduction of tumor volume upon radiation was found.

An interesting research direction with regard to rare earth elements and nano-
particle-based radiosensitization is the use of gadolinium-based nanoparticles
[5, 36, 37]. These 2.9 nm particles consist of a polysiloxane core and gadolinium–

DTPA chelates (with cyanine 5.5 added to allow optical imaging) and have been
tested first in orthotopically implanted 9L gliosarcoma (9LGS) brain tumors in
Fisher 344 rats. Following intravenous delivery these nanoconstructs had good
renal excretion and could be used both for magnetic resonance imaging and radi-
osensitization [5]. The importance of timing between nanoparticle delivery and
irradiation (delivered with a microbeam) was very noticeable in this study; a 5 min
delay increased radiation damage to normal tissue and decreased overall survival of
rats compared to radiation alone, while a 20 min delay lead to improved survival of
animals compared to radiation alone. A recent study using the same type of
nanoparticles in xenograft head and neck cancer models (subcutaneous implanta-
tion of human head and neck cancer cell line SQ20B into flank of nude mice)
showed that intratumor injection of gadolinium nanoparticles followed immediately
with 10 Gy dose of ionizing radiation had a synergistic effect on tumor size
reduction [37]. In vitro experiments with the same cell line as well as FaDu and
Cal33 head and neck carcinoma cell lines, demonstrated that the use of gadolinium
nanoparticles was associated with an increase in nonreparable DNA DSBs and the
shortening of G2/M arrest, leading to increased genomic instability, appearance of
polyploid and then hypoploid cell populations and increased apoptosis.

It should also be noted that radiation itself can alter delivery of nanomaterials.
For example, Joh et al. [19] found that exposure to ionizing radiation increases the
permeability of the neovasculature for nanoparticles. When nude mice orthotop-
ically inocculated with the human glioma cell line U251 received 20 Gy (focused
through a 1.5 cm collimator of the small animal irradiator) prior to injection of
22 nm PEG-coated gold nanoparticles, increased extravasation and in-tumor
deposition of nanoparticles occurred, suggesting that radiation can improve the
passive tumor tissue targeting of nanoparticles [19]. Radiation induced a three-fold
increase of enhanced permeability retention in irradiated versus nonirradiated
tumors.

2 Modulation of Radiosensitivity by Hyperthermia

Modulation of temperature conditions in the body (especially increased tumor
temperature) at the time of radiation treatment has been noted to be a potential
radiosensitizer, as reviewed by Wust and others [65]. Though hyperthermia was
used in the treatment of various diseases including cancer since ancient times, one
of the first carefully recorded local applications of hyperthermia alone for cancer
treatment was performed in 1898 by Swedish gynecologist Westermark, who
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treated cervical cancer by running hot water through an intracavitary spiral tube and
noted an excellent clinical response in seven patients [41].

On a molecular and cellular level, temperatures of 40–45 °C trigger various
cellular responses, including protein denaturation [22], alterations in the cytoskel-
eton and membrane [15] and cell death and permanent arrest [22]. Temperatures
equal to or higher than the transition temperature of 42.5 °C are considered to be
optimal for generating protein damage to cells, but these temperatures are difficult
to achieve in vivo [14]. In combination with ionizing radiation, hyperthermia is
particularly potent predominantly because the two have different targets, with
radiation damaging DNA and hyperthermia damaging proteins. For example,
temperatures near the transition temperature (42 °C) increase tumor vascular
perfusion [15] leading to an increase in tumor oxygenation, which increases the
efficiency of radiation as formulated by oxygen enhancement ratio (OER). Protein
denaturation and aggregation in the nucleus caused by hyperthermia perturb DNA
synthesis and repair [23]. Regardless of the precise molecular mechanisms, chemo-
and radiosensitizing effects of hyperthermia are significant, and hyperthermia
treatment is considered to be among the most potent radiosensitizers discovered to
date. Furthermore, thermal radiosensitization appears to be most pronounced in
cells that are hypoxic and those that are in S phase, i.e., in those cells that tend to be
the most resistant to radiotherapy alone [15].

Magnetic nanoparticles in combination with magnetic field exposure can be used
to induce a site-specific hyperthermia [70]. After localizing in a tumor, magnetic
nanoparticles can be activated by an alternating magnetic field (AMF), causing a
local increase in temperature. Such nanoconstructs can heat their immediate sub-
micron environment through eddy currents (circular electric currents induced within
conductors by a changing magnetic field), magnetic hysteresis, and Neel or
Brownian relaxation (complex physical phenomena that depend on the size of the
particles). There is also evidence of additive magnetic effects via electromagnetic
coupling through nanoconstruct aggregation either extracellularly or in endosomes
[21, 56, 70]. This is most likely caused by the increase in “aggregated size” of
magnetic material. Deliberately designed magnetic nanoparticle assemblies, such
as, e.g. magnetic nanoparticle–adenovirus assemblies, have an increased capacity
for thermal ablation [70].

Three recent studies illustrate the promise for magnetic nanoparticles-dependent
hyperthermia-induced radiosensitization. The first study involved nanoparticles
with a hematite core and hydrodynamic diameter of 117 nm injected into syngeneic
mouse breast cancer tumors implanted into hind limb of C3H/He mice. Tumors
were first subjected to AMF at 169 kHz or microwave exposure and then to irra-
diation—15 Gy of 6 MeV electrons within 30 min of hyperthermia. While tumor
volume tripling time after the best single treatment was 18.7–25 days, combination
therapy showed a tumor tripling time of 42.6 days [9]. A more recent study by Lin
and others used Mn0.5Zn0.5Fe2O4 nanoparticles coated with poly(ethyleneimine) to
deliver gene therapy [28]. The DNA construct was a combination of a promoter
region of radiation responsive early growth response protein 1 (Egr-1) and the
“suicide gene complex” HSV-TK/GCV. Expression of herpes simplex virus
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thymidine kinase (HSV-TK) converts the prodrug ganciclovir (GCV) into GCV
triphosphate, a DNA synthesis and cell cycle inhibitor. In a hepatoma xenograft
model (HepG2 tumors in BALB/c nude mice) use of these nanoconstructs with
induction of hyperthermia and combined with irradiation lead to tumor volume
decrease greater than 90 %, two times better than radiotherapy alone [28].

The final study to be mentioned here is a phase II clinical trial using magnetic
nanoparticles in 66 human patients, 59 with recurrent glioblastoma multiforme.
Nanoparticles consisted of 12 nm magnetite with aminosilane coating, at iron
concentration of 112 mg/ml, injected directly into tumors. Six one-hour long
hyperthermia sessions (induced by AMF) were done semiweekly, with median
tumor temperature of 52 °C. These sessions were immediately preceded or followed
with stereotactic beam radiotherapy (SBRT) with a median dose 30 Gy, delivered as
five 2 Gy fractions each week. The primary study endpoint was overall survival
(OS) after recurrence—it reached 13.4 months, which is a significant improvement
compared to, e.g. 6.2 months recoded in a metastudy on temozolomide as a salvage
treatment [33].

It should be noted that hyperthermia has also been combined with radiation
treatments with the aid of nanoconstructs with optical properties [1, 4]. Gold
nanoshells, for example, have tunable optical resonance which allows them to be
thermally activated by near infrared (NIR) light and be appropriate for thermal
ablative therapy [16]. Such nanoconstructs, prepared with a silica core coated with
gold, at the size of 150 nm have plasmon resonance for NIR wavelengths of
808 nm. This leads to intense NIR absorption and conversion to thermal energy. In
one of the first examples of in vivo study with these constructs, nanoconstruct
delivery to tumors depended only on enhanced permeability retention (EPR) [4],
and the tumor model was a xenograft (human colorectal cell line HCT 116 in nude
mice). In this setup, local hyperthermia (lasting 20 min) was induced by NIR laser
illumination 24 h after IV injection of nanoconstructs. Hyperthermia was followed
5 min later by irradiation with 10 Gy. In comparison with irradiation alone, com-
bination treatment doubled the time of the tumor growth delay. Similarly, in in vivo
orthotopic models of breast cancer (syngeneic mouse breast cancer cells p53/from
GEM transgenic mice in immunocompetent mice and primary human breast tumor
xenografts in nude mice) Krishnan and collaborators achieved reduction in tumor
size [1]. In this case, irradiation with 6 Gy was immediately followed with local
hyperthermia (20 min at 42 °C), using a local NIR illumination of the tumor after an
intravenous administration of gold nanoshells. A twofold decrease in tumorige-
nicity (measured as the number of cells with purported stem-like properties and as a
number of cells forming colonies in cell culture) of cells isolated from these tumors
at 48 h after treatment was statistically significant in comparison with cells isolated
from ionizing radiation only treated tumors.
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3 Modulation of Cellular Biochemistry
and Biochemical Homeostasis by Nanomaterials

3.1 DNA Repair Modulation

The effect of nanoparticles on cells is largely modulated by their acquisition of a
protein corona and the subsequent intracellular modification of such corona through
interactions with intracellular proteins. For example, an in vitro study found that
several different sizes of polyethylene glycol and tetraethylene glycol-coated iron
oxide and titanium dioxide nanoparticles interact with proteasome [6] and alter its
activity. Similarly, corona of silica nanoparticles was found to contain proteasomal
subunits as well [31]. Considering that ubiquitin proteasome system regulates DNA
synthesis and repair as well as countless other processes relevant for radiation-
induced stress [35], it is possible that the rate of DNA repair in irradiated cells may
be altered in the presence of such nanoparticles.

DNA repair can also be deliberately modified by nanoparticles with surface
modifications designed to do so. In their recent publication Li and others modified
2 nm gold nanoparticles by the addition of weak SUMO (Small Ubiquitin-like
Modifier)-2∕3 ligands, at a density of 100 per particle [27]. Through this approach,
(because of high density of a weak ligand on the particle surface) nanoparticles
became able to interact with multiple SUMO molecules in a poly-SUMO chain;
inside cells these constructs could be found both in cytoplasm and nucleus. Because
SUMOylation is a very important molecular modification pathway in the oxidative
stress response, use of this type of nanoparticle, in comparison to same type of
nanoparticles without SUMO ligand, led to an increase in radiation sensitivity in
cancer cells in vitro as established by clonogenic assays. Comparisons between
nanoparticles loaded with control scrambled molecules and nanoparticles loaded
with SUMO interacting peptide demonstrated delayed DNA repair by comet assays
in breast cancer MCF7 cells exposed to 4 Gy and incubated for 2 h.

Modulation of DNA repair with nanoparticles that release nucleic acid cargo is
discussed in Sect. 4.

3.2 Nanoparticle Induced Cell Stress

Increased biocompatibility of PEG-coated gold nanoparticles compared to their
“naked” counterparts (e.g. [42]) inspired the development of nanogel particles of
about 100 nm in size, composed of a cross-linked poly(2-[N,N,-diethylamino]ethyl
methacrylate) (PEAMA) core tethered with PEG and loaded with an average of 15
gold nanoparticles (8 nm in size) per each nanogel particle. The ability of these
nanoconstructs to enhance radiation-induced tumor cell killing was investigated in
several human and animal cell lines (human lung adenocarcinoma A549, Chinese
hamster V79 and mouse squamous cell carcinoma SCCVII) [69]. Cells incubated
for 14 h with nanogel particles (gold content in cell media varied between 20 and
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50 μg/ml) were irradiated with doses between 2 and 15 Gy. Cell survival curves for
each treatment were constructed; gold nanogel particles intensified cell killing by
1.2–1.5 fold across different irradiation doses. However, the initial DNA DSB
damage in all cells depended only on the radiation dose, even though subsequently
DNA DSB foci lasted longer in nanoparticle treated cells. Cellular uptake of
nanogel particles as shown by TEM was associated with cytoplasmic vesicles.
Starting with these findings, the authors investigated protein concentrations of
critical DNA repair molecules (e.g. Rad51 and Ku70) and endoplasmic reticulum
(ER) stress proteins (IRE1alpha, BiP, PERK, and calnexin) finding a reduction of
the former and increase of the latter. In short, this study indicated that the 8 nm gold
nanoparticles inside cells deregulate cellular homeostasis in ways that cause
increased ER stress and decreased capacity for DNA damage repair [69]. Whether
these changes are responsible for increased cell killing following ionizing radiation
or not is not conclusive; nevertheless, the fact remains that the gold nanogels do act
as radiosensitizers. It should be mentioned, however, that in another study (not
including nanomaterials), Yamamori and others [68] found that ER stress is itself
responsible for Rad51 degradation and general suppression of DNA DSB repair.

Cellular stress in many cases leads to cell death. Copper oxide, one of the most
recent additions to the group of metal oxide nanoparticles, for example, was found
to increase on its own both autophagy and apoptosis [26]. It is appealing, then, to
speculate that CuO nanoparticles would have an additive or possibly even syner-
gistic effect with ionizing radiation exposure. We can probably expect an increase
in number of such studies in the future.

3.3 Cell Cycle

Using the prostate carcinoma cell line DU-145, Roa and others have documented
changes in cell cycle distribution following treatment with *10 nm gold nano-
particles coated with 6-deoxy-6-fluoro-1-thio-D-glucose [52]. As in most other
studies, gold nanoparticles were found in cytoplasmic vesicles and it is difficult to
decide which exact mechanism is responsible for cell cycle perturbation after
nanoparticle treatment. Inhibition of glucose uptake by cytochalasin B and with it,
inhibition of uptake of glucose-coated nanoparticles partially reversed the nano-
particle effects. Cell cycle perturbations were most noticeable in G2/M phase of cell
cycle during which cells are the most radiation sensitive. It is, therefore, very
possible that the increase in radiosensitivity noted in nanoparticle treated cells could
be associated with cell cycle perturbations, especially when one considers that
nanoparticles never came closer than 6 nm from the nuclear DNA.

Increased number of cells in G2/M phase of cell cycle was noted also in glio-
blastoma cells (SNB-19 and U87MG) in culture after treatment with titanium
dioxide nanotubes [38]. Moreover, in this study it was noted that the DNA repair
was reduced in glioblastoma cell lines after they engulfed TiO2 nanorods
(approximately 10 nm in diameter and up to 500 nm long). As nanorods remained
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in vesicles inside the cytoplasm in these cells, actual mechanism(s) responsible for
these changes in cellular homeostasis are as of yet unclear. Increased numbers and
persistence of DNA DSBs indicated by gamma H2AX foci (specifically in nanorods
treated and irradiated cells) described in this study is similar to findings of others
with other types of nanomaterials (e.g. [19, 20, 43, 69]). Many possible avenues for
speculations about decrease of DNA repair in this work can be envisioned. Inter-
action of these nanoconstructs with the proteasome, for example, is quite possible
considering that TiO2 nanorods of 6 and 20 nm alter proteasomal activity [6],
which, in turn, regulates DNA repair (e.g. [35]).

Perturbation of cell cycle by nanomaterials, however, does not always lead to
increased numbers of cells in G2/M phase of the cell cycle. On the contrary,
Mackey and El-Sayed used 30 and 15 nm gold nanoparticles (suitable for plasmon
resonance and conjugated with nucleus targeting and cytoplasm-targeting peptides)
in human oral squamous carcinoma cells (HSC-3) and found an accumulation of
cells in the S phase with a depletion of cells in the G2/M phase [32]. These particles
were not used for radiosenitization (where they could even have caused increased
radioresistance); they have been tested in combination with 5-fluorouracil. Because
this chemotherapeutic drug kills the cells in S phase most effectively (unlike ion-
izing radiation), drug and nanoparticle use had synergistic effects in this study.

4 Radiosensitization Through Modulation of Gene
Expression by Nanomaterials

Polymeric nanoparticles were used as carriers for nucleic acids that can alter gene
activity in cells; e.g. [74]. Ataxia-telangiectasia-mutated (ATM) protein is critical for
DNA repair following ionizing radiation; inactivation of this gene increases radiation
sensitivity, and a possible approach to achieve this goal is by delivering antisense
oligonucleotides to cells using polymeric Poly(D,L-lactide-co-glycolide) (PLGA)
nanoparticles. In mice, an initially spontaneously arising head and neck squamous
cell carcinoma cell line SCCVII can be implanted into syngeneic C3H/HeJ mice and
used as a model for human HNSCC. Such mice with tumors of about 200 mm3 were
treated with anti ATM oligonucleotides encapsulated in PLGA particles of approx-
imately 100 nm in diameter. The nanoparticles (2.5 mg/kg) were administered
24 h before and immediately preceding irradiation; three pairs of intratumoral
nanoparticle injections were followed with three 2 Gy fractions over a period of
15 days. Animals were sacrificed 15 days after the treatments; tumor volumes were
significantly reduced in mice treated with PLGA particles with anti-ATM oligonu-
cleotides compared to mice treated with “mutated” oligonucleotide nanoparticles.

Another protein playing a significant role in radiation resistance is survivin, and
plasmids encoding an antisurvivin siRNA have been used for the development of
radiosensitizing nanoconstructs. Monodisperse 180–220 nm nanoparticles com-
posed of human serum albumin loaded with siRNA plasmids were decorated for
targeting with an antibody against heat shock protein 70. In two glioblastoma cell
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lines U87MG and LN229 these nanoconstructs lead to radiosensitization of 1.64
and 1.25, respectively; accompanied by survivin suppression and induction of
survivin regulated caspases 3 and 7 [7].

A more broad approach to gene expression modulation was employed by
investigators who delivered microRNAs with pleiotropic effects into tumors using
nanomaterials as a delivery system. For example, miR200c is considered to be a
negative regulator of cancer stem cell behavior and epithelial—mesenchymal
transition, and cancer stem cells are considered to be more radiation resistant than
their “non-stem” counterparts. Nanoconstucts were prepared with miR200c loaded
into PEG—peptide (gelatinase substrate)—poly (ε-caprolactone) copolymer nano-
particles and given to several gastric adenocarcinoma cell lines. Nanoparticle
treatment combined with radiation decreased numbers of “stem-like” cells in the
different cell populations. A decrease of CD44 and increase of E-cadherin were
noted in cells treated with nanoconstructs in combination with irradiation, as well as
changes in expression of many other apoptosis relevant proteins. In short, miR200c
loaded copolymer nanoparticles radiosensitized human gastric adenocarcinoma cell
lines BGC823, SGC7901, and MKN45 with 1.13–1.25 sensitization enhancement
ratio [3].

A similar study with antagomirs against miR21 used locked nucleic acid—lipid
nanocapsules to radiosensitize U87MG glioblastoma cells in culture [10]. In cells
treated with these nanoconstructs viability was suppressed and reduced to 50 %
after 4 Gy irradiation.

5 Conclusions

Despite impressive in vitro successes, nanomaterials are still showing only mod-
erately interesting results as radiosensitizers in vivo. One reason for this lies in the
fact that delivery of nanomaterials must be specific enough that the radiosensitizing
nanoparticles do not accumulate in healthy tissues that need to be protected from
(and not sensitized to) irradiation (e.g. see [5]). Nevertheless, the radiosensitizing
nanomaterials are not as limited by this requirement as are chemotherapy and other
anticancer therapies. Because radiation is targeted to the cancer with very precise
delivery and dosimetry approaches, if the radiosensitizers are outside the radiation
field, they will not be effective. Hence, targeting the cancer specifically is not a firm
requirement of radiosensitizers. Second, to be good radiosensitizers nanoparticles
must reach most of the cells that need to be radiosensitized. Considering that the
most radiation resistant cells in solid tumors are the ones most distant from blood
supply, it is very probable that the same cells will also be the most difficult to reach
with nanomaterials. In addition to often sparse neovascularization, interstitial
pressure in tumors and accumulation of collagen also present significant barriers to
nanoparticle distribution in tumors in vivo. Collagen density was found to be a
critical feature limiting delivery of 40 nm carboxylate modified FluoroSpheres to
hind limb tumors in SCID mice [58]. Interestingly, radiation itself may be leveraged
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against nanoparticle delivery problems. For example, focused radiation delivery can
permeabilize brain tumor blood barrier and increase tumor deposition of pegylated
nanoparticles (e.g. [19]). Thirdly, nanoparticle uptake comparisons between cells
grown under normoxia (21 % oxygen) versus hypoxia (0.1 % oxygen) show sig-
nificant differences. Uptake of the same nanoparticles (1.9 nm “Auravist”) by three
different cell lines (DU145 prostate cancer, MDA-MB-231 breast cancer, and L132
lung epithelial cells) varied drastically under different oxygen conditions. These
differences in uptake, combined with the importance of oxygen in production of
reactive oxygen species, resulted in reduction of sensitizer enhancement ratio for
Auravist from 1.41 for normoxia to 1.1 for hypoxia [17].

Finally, even if a nanoparticle formulation is found that is suitable for radio-
sensitization, general concerns regarding nanoparticle use may still prevent wide
application of nanomaterials as radiosensitizers. Potential complications pertaining,
e.g. to renal clearance of nanoparticles may obviate any potential benefits that
would stem from radiosensitization. A recent review on renal clearance of
nanomaterials [72], especially gold nanoparticles, suggests that both the size
(currently “set” as less than 5.5 nm) and surface coating of nanoparticles dictates
their elimination by kidneys. For example, while coating with PEG aids the
nanoparticles to evade the cells of reticuloendothelial system (RES), it also prevents
nanoparticle removal through kidneys regardless of their dimensions [72].

References

1. Atkinson RL, Zhang M, Diagaradjane P, Peddibhotla S, Contreras A, Hilsenbeck SG,
Woodward WA, Krishnan S, Chang JC, Rosen JM (2010) Thermal enhancement with
optically activated gold nanoshells sensitizes breast cancer stem cells to radiation therapy. Sci
Trans Med 2:55ra79

2. Butterworth KT, McMahon SJ, Currell FJ, Prise KM (2012) Physical basis and biological
mechanisms of gold nanoparticle radiosensitization. Nanoscale 4:4830–4838

3. Cui F, Liu Q, Li R, Shen J, Wu P, Yu L, Hu W, Wu F, Jiang C, Yue G et al (2014)
Enhancement of radiotherapy efficacy by miR-200c-loaded gelatinase-stimuli PEG-Pep-PCL
nanoparticles in gastric cancer cells. Int J Nanomed 13:2345–2358

4. Diagaradjane P, Shetty A, Wang JC, Elliott AM, Schwartz J, Shentu S, Park HC, Deorukhkar
A, Stafford RJ, Cho SH et al (2008) Modulation of in vivo tumor radiation response via gold
nanoshell-mediated vascular-focused hyperthermia: characterizing an integrated antihypoxic
and localized vascular disrupting targeting strategy. Nano Lett 8:1492–1500

5. Le Duc G, Miladi I, Alric C, Mowat P, Bräuer-Krisch E, Bouchet A, Khalil E, Billotey C,
Janier M, Lux F et al (2011) Toward an image-guided microbeam radiation therapy using
gadolinium-based nanoparticles. ACS Nano 5:9566–9574

6. Falaschetti CA, Paunesku T, Kurepa J, Nanavati D, Chou SS, De M, Song M, Jang J-T, Wu A,
Dravid VP et al (2013) Negatively charged metal oxide nanoparticles interact with the 20S
proteasome and differentially modulate its biologic functional effects. ACS Nano 7:7759–7772

7. Gaca S, Reichert S, Multhoff G, Wacker M, Hehlgans S, Botzler C, Gehrmann M, Rödel C,
Kreuter J, Rödel F (2013) Targeting by cmHsp70.1-antibody coated and survivin miRNA
plasmid loaded nanoparticles to radiosensitize glioblastoma cells. J Control Release 172:
201–206

8. Gao Y, Chen K, Ma J-L, Gao F (2014) Cerium oxide nanoparticles in cancer. Onco Targets
Ther 7:835–840

Radiosensitization and Nanoparticles 167



9. Giustini AJ, Petryk AA, Hoopes PJ (2011) Comparison of microwave and magnetic
nanoparticle hyperthermia radiosensitization in murine breast tumors. Proc SPIE 7901:1–11

10. Griveau A, Bejaud J, Anthiya S, Avril S, Autret D, Garcion E (2013) Silencing of miR-21 by
locked nucleic acid-lipid nanocapsule complexes sensitize human glioblastoma cells to
radiation-induced cell death. Int J Pharm 454:765–774

11. Guidelli EJ, Baffa O (2014) Influence of photon beam energy on the dose enhancement factor
caused by gold and silver nanoparticles: An experimental approach. Med Phys 41:032101

12. Hainfeld JF, Slatkin DN, Smilowitz HM (2004) The use of gold nanoparticles to enhance
radiotherapy in mice. Phys Med Biol 49:N309–N315

13. Hainfeld JF, Smilowitz HM, O’Connor MJ, Dilmanian FA, Slatkin DN (2013) Gold
nanoparticle imaging and radiotherapy of brain tumors in mice. Nanomed (Lond) 8:
1601–1609

14. Hall EJ, Giaccia AJ (2011) Radiobiology for the radiologist Lippincott Williams & Wilkins
15. Hildebrandt B, Wust P, Ahlers O, Dieing A, Sreenivasa G, Kerner T, Felix R, Riess H (2002)

The cellular and molecular basis of hyperthermia. Crit Rev Oncol Hematol 43:33–56
16. Hirsch LR, Stafford RJ, Bankson JA, Sershen SR, Rivera B, Price RE, Hazle JD, Halas NJ,

West JL (2003) Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic
resonance guidance. Proc Natl Acad Sci USA 100:13549–13554

17. Jain S, Coulter JA, Butterworth KT, Hounsell AR, McMahon SJ, Hyland WB, Muir MF,
Dickson GR, Prise KM, Currell FJ et al (2014) Gold nanoparticle cellular uptake, toxicity and
radiosensitisation in hypoxic conditions. Radiother Oncol 110:342–347

18. Jin C, Bai L, Wu H, Liu J, Guo G, Chen J (2008) Paclitaxel-loaded poly(D, L-lactide-co-
glycolide) nanoparticles for radiotherapy in hypoxic human tumor cells in vitro. Cancer Biol
Ther 7:911–916

19. Joh DY, Sun L, Stangl M, Al Zaki A, Murty S, Santoiemma PP, Davis JJ, Baumann BC,
Alonso-Basanta M, Bhang D et al (2013) Selective targeting of brain tumors with gold
nanoparticle-induced radiosensitization. PLoS ONE 8:e62425

20. Joh DY, Kao GD, Murty S, Stangl M, Sun L, Zaki AA, Xu X, Hahn SM, Tsourkas A, Dorsey
JF (2013) Theranostic gold nanoparticles modified for durable systemic circulation effectively
and safely enhance the radiation therapy of human sarcoma cells and tumors. Trans Oncol
6:722–IN32

21. Johannsen M, Thiesen B, Wust P, Jordan A (2010) Magnetic nanoparticle hyperthermia for
prostate cancer. Int J Hyperth 26:790–795

22. Kampinga HH (2006) Cell biological effects of hyperthermia alone or combined with radiation
or drugs: a short introduction to newcomers in the field. Int J Hyperth 22:191–196

23. Kampinga HH, Dikomey E (2001) Review: Hyperthermic radiosensitization: mode of action
and clinical relevance. Int J Radiat Biol 77:399–408

24. Kleinauskas A, Rocha S, Sahu S, Sun Y-P, Juzenas P (2013) Carbon-core silver-shell
nanodots as sensitizers for phototherapy and radiotherapy. Nanotechnology 24:325103

25. Van der Kogel A, Joiner M (2009) Basic clinical radiobiology. A Hodder Arnold Publication,
London

26. Laha D, Pramanik A, Maity J, Mukherjee A, Pramanik P, Laskar A, Karmakar P (2014)
Interplay between autophagy and apoptosis mediated by copper oxide nanoparticles in human
breast cancer cells MCF7. Biochim Biophys Acta 1840:1–9

27. Li Y, Perkins A, Su Y, Ma Y, Colson L, Horne D, Chen Y (2012) Gold nanoparticles as a
platform for creating a multivalent poly-SUMO chain inhibitor that also augments ionizing
radiation. Proc Natl Acad Sci USA 109:4092–4097

28. Lin M, Huang J, Zhang J, Wang L, Xiao W, Yu H, Li Y, Li H, Yuan C, Hou X et al (2013)
The therapeutic effect of PEI-Mn0.5Zn0.5Fe2O4 nanoparticles/pEgr1-HSV-TK/GCV
associated with radiation and magnet-induced heating on hepatoma. Nanoscale 5:991–1000

29. Lin M-H, Hsu T-S, Yang P-M, Tsai M-Y, Perng T-P, Lin L-Y (2009) Comparison of organic
and inorganic germanium compounds in cellular radiosensitivity and preparation of
germanium nanoparticles as a radiosensitizer. Int J Radiat Biol 85:214–226

168 T. Paunesku et al.



30. Lu R, Yang D, Cui D, Wang Z, Guo L (2012) Egg white-mediated green synthesis of silver
nanoparticles with excellent biocompatibility and enhanced radiation effects on cancer cells.
Int J Nanomed 7:2101–2107

31. Lundqvist M, Stigler J, Cedervall T, Berggård T, Flanagan MB, Lynch I, Elia G, Dawson K
(2011) The evolution of the protein corona around nanoparticles: A test study. ACS Nano
5:7503–7509

32. Mackey MA, El-Sayed MA (2014) Chemosensitization of cancer cells via gold nanoparticle-
induced cell cycle regulation. Photochem Photobiol 90:306–312

33. Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, Orawa H, Budach V,
Jordan A (2010) Efficacy and safety of intratumoral thermotherapy using magnetic iron-oxide
nanoparticles combined with external beam radiotherapy on patients with recurrent
glioblastoma multiforme. J Neurooncol 103:317–324

34. Matsudaira H, Ueno AM, Furuno I (1980) Iodine contrast medium sensitizes cultured
mammalian cells to X-rays but not to gamma rays. Radiat Res 84:144–148

35. McBride WH, Iwamoto KS, Syljuasen R, Pervan M, Pajonk F (2003) The role of the
ubiquitin/proteasome system in cellular responses to radiation. Oncogene 22:5755–5773

36. Miladi I, Duc G Le, Kryza D, Berniard A, Mowat P, Roux S, Taleb J, Bonazza P, Perriat P,
Lux F et al (2013) Biodistribution of ultra small gadolinium-based nanoparticles as theranostic
agent: application to brain tumors. J Biomater Appl 28:385–394

37. Miladi I, Aloy M-T, Armandy E, Mowat P, Kryza D, Magné N, Tillement O, Lux F, Billotey
C, Janier M et al (2014) Combining ultrasmall gadolinium-based nanoparticles with photon
irradiation overcomes radioresistance of head and neck squamous cell carcinoma.
Nanomedicine 11:247–257

38. Mirjolet C, Papa AL, Créhange G, Raguin O, Seignez C, Paul C, Truc G, Maingon P, Millot N
(2013) The radiosensitization effect of titanate nanotubes as a new tool in radiation therapy for
glioblastoma: a proof-of-concept. Radiother Oncol 108:136–142

39. Misawa M, Takahashi J (2011) Generation of reactive oxygen species induced by gold
nanoparticles under X-ray and UV Irradiations. Nanomedicine 7:604–614

40. Monopoli M, Åberg C, Salvati A, Dawson K (2012) Biomolecular coronas provide the
biological identity of nanosized materials. Nat Nanotechnol 7:779–786

41. Moyer HR, Delman KA (2008) The role of hyperthermia in optimizing tumor response to
regional therapy. Int J Hyperth 24:251–261

42. Naahidi S, Jafari M, Edalat F, Raymond K, Khademhosseini A, Chen P (2013)
Biocompatibility of engineered nanoparticles for drug delivery. J Control Release 166:
182–194

43. Ngwa W, Korideck H, Kassis AI, Kumar R, Sridhar S, Makrigiorgos GM, Cormack RA
(2013) In vitro radiosensitization by gold nanoparticles during continuous low-dose-rate
gamma irradiation with I-125 brachytherapy seeds. Nanomedicine 9:25–27

44. Ni J, Wu Q, Li Y, Guo Z, Tang G, Sun D, Gao F, Cai J (2007) Cytotoxic and radiosensitizing
effects of nano-C60 on tumor cells in vitro. J Nanopart Res 10:643–651

45. Nikolić N, Vranjes-Ethurić S, Janković D, Ethokić D, Mirković M, Bibić N, Trajković V
(2009) Preparation and biodistribution of radiolabeled fullerene C60 nanocrystals.
Nanotechnology 20:385102

46. Olive PL, Banáth JP (2006) The comet assay: a method to measure DNA damage in individual
cells. Nat Protoc 1:23–29

47. Patra HK, Turner APF (2014) The potential legacy of cancer nanotechnology: cellular
selection. Trends Biotechnol 32:21–31

48. Polf JC, Bronk LF, Driessen WHP, Arap W, Pasqualini R, Gillin M (2011) Enhanced relative
biological effectiveness of proton radiotherapy in tumor cells with internalized gold
nanoparticles. Appl Phys Lett 98:193702

49. Porcel E, Liehn S, Remita H, Usami N, Kobayashi K, Furusawa Y, Le Sech C, Lacombe S
(2010) Platinum nanoparticles: a promising material for future cancer therapy?
Nanotechnology 21:85103

Radiosensitization and Nanoparticles 169



50. Porcel E, Li S, Usami N, Remita H, Furusawa Y, Kobayashi K, Sech C Le, Lacombe S (2012)
Nano-Sensitization under gamma rays and fast ion radiation. J Phys: Conf Ser 373:012006

51. Rahman WN, Corde S, Yagi N, Abdul Aziz SA, Annabell N, Geso M (2014) Optimal energy
for cell radiosensitivity enhancement by gold nanoparticles using synchrotron-based
monoenergetic photon beams. Int J Nanomed 9:2459–2467

52. Roa W, Zhang X, Guo L, Shaw A, Hu X, Xiong Y, Gulavita S, Patel S, Sun X, Chen J et al
(2009) Gold nanoparticle sensitize radiotherapy of prostate cancer cells by regulation of the
cell cycle. Nanotechnology 375101:9 pp

53. Roots R, Okada S (1975) Estimation of life times and diffusion distances of radicals involved
in X-Ray-induced DNA strand breaks or killing of mammalian cells. Radiat Res 64:306–320

54. Rothkamm K, Löbrich M (2003) Evidence for a lack of DNA double-strand break repair in
human cells exposed to very low X-ray doses. Proc Natl Acad Sci USA 100:5057–5062

55. Stankov K, Borisev I, Kojic V, Rutoljski L, Bogdanovic G, Djordjevic A (2013) Modification
of antioxidative and antiapoptotic genes expression in irradiated K562 cells upon fullerenol
C60 (OH) 24 nanoparticle treatment. J Nanosci Nanotechnol 13:105–113

56. Stigliano RV, Shubitidze F, Kekalo K, Baker I, Giustini AJ, Hoopes PJ (2013) Understanding
mNP hyperthermia for cancer treatment at the cellular scale. Proc SPIE 8584:85840E

57. Tishler RB, Schiff PB, Geard CR, Hall EJ (1992) Taxol: a novel radiation sensitizer. Int J
Radiat Oncol Biol Phys 22:613–617

58. Torosean S, Flynn B, Axelsson J, Gunn J, Samkoe KS, Hasan T, Doyley MM, Pogue BW
(2013) Nanoparticle uptake in tumors is mediated by the interplay of vascular and collagen
density with interstitial pressure. Nanomedicine 9:151–158

59. Townley HE, Rapa E, Wakefield G, Dobson PJ (2012) Nanoparticle augmented radiation
treatment decreases cancer cell proliferation. Nanomedicine 8:526–536

60. Townley HE, Kim J, Dobson PJ (2012) In vivo demonstration of enhanced radiotherapy using
rare earth doped titania nanoparticles. Nanoscale 4:5043–5050

61. Vinchon-Petit S, Jarnet D, Paillard A, Benoit J-P, Garcion E, Menei P (2010) In vivo
evaluation of intracellular drug-nanocarriers infused into intracranial tumours by convection-
enhanced delivery: distribution and radiosensitisation efficacy. J Neurooncol 97:195–205

62. Wason MS, Colon J, Das S, Seal S, Turkson J, Zhao J, Baker CH (2013) Sensitization of
pancreatic cancer cells to radiation by cerium oxide nanoparticle-induced ROS production.
Nanomedicine 9:558–569

63. Werner M, Copp J, Karve S (2011) Folate-targeted polymeric nanoparticle formulation of
docetaxel is an effective molecularly targeted radiosensitizer with efficacy dependent on the
Timing of Radiotherapy. ACS 5:8990–8998

64. Wiedenmann N, Valdecanas D, Hunter N, Hyde S, Buchholz TA, Milas L, Mason KA (2007)
130 Nm albumin-bound paclitaxel enhances Tumor radiocurability and therapeutic gain. Clin
Cancer Res 13:1868–1874

65. Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann J, Riess H, Felix R, Schlag PM
(2002) Hyperthermia in combined treatment of cancer. Lancet Oncol 3:487–497

66. Xiao F, Zheng Y, Cloutier P, He Y, Hunting D, Sanche L (2011) On the role of low-energy
electrons in the radiosensitization of DNA by gold nanoparticles. Nanotechnology 22,
465101:10 pp

67. Yallapu MM, Maher DM, Sundram V, Bell MC, Jaggi M, Chauhan SC (2010) Curcumin
induces chemo/radio-sensitization in ovarian cancer cells and curcumin nanoparticles inhibit
ovarian cancer cell growth. J Ovarian Res 3:11

68. Yamamori T, Meike S, Nagane M, Yasui H, Inanami O (2013) ER stress suppresses DNA
double-strand break repair and sensitizes tumor cells to ionizing radiation by stimulating
proteasomal degradation of Rad51. FEBS Lett 587:3348–3353

69. Yasui H, Takeuchi R, Nagane M, Meike S, Nakamura Y, Yamamori T, Ikenaka Y, Kon Y,
Murotani H, Oishi M et al (2014) Radiosensitization of tumor cells through endoplasmic
reticulum stress induced by PEGylated nanogel containing gold nanoparticles. Cancer Lett
347:151–158

170 T. Paunesku et al.



70. Yoo D, Lee J-H, Shin T-H, Cheon J (2011) Theranostic magnetic nanoparticles. Acc Chem
Res 44:863–874

71. Zhang X, Yang H, Gu K, Chen J, Rui M, Jiang G-L (2011) In vitro and in vivo study of a
nanoliposomal cisplatin as a radiosensitizer. Int J Nanomed 6:437–444

72. Zhang X-D, Yang J, Song S-S, Long W, Chen J, Shen X, Wang H, Sun Y-M, Liu P-X, Fan S
(2014) Passing through the renal clearance barrier: toward ultrasmall sizes with stable ligands
for potential clinical applications. Int J Nanomed 9:2069–2072

73. Zheng Y, Cloutier P, Hunting DJ, Sanche L (2008) Radiosensitization by gold nanoparticles:
comparison of DNA damage induced by low and high-energy electrons. J Biomed
Nanotechnol 4:469–473

74. Zou J, Qiao X, Ye H, Zhang Y, Xian J, Zhao H, Liu S (2009) Inhibition of ataxia-
telangiectasia mutated by antisense oligonucleotide nanoparticles induces radiosensitization of
head and neck squamous-cell carcinoma in mice. Cancer Biother Radiopharm 24:339–346

Radiosensitization and Nanoparticles 171



Hybrid Nanoparticles for Cancer
Imaging and Therapy

Chunbai He and Wenbin Lin

Abstract

Hybrid nanoparticles, composed of both inorganic and organic components,
have been exploited as promising platforms for cancer imaging and therapy. This
class of nanoparticles can not only retain the beneficial features of both inorganic
and organic materials, but also allow systematic fine-tuning of their properties
through the judicious combination of functional components. This chapter
summarizes recent advances in the design and synthesis of hybrid nanomaterials,
with particular emphasis on two main categories of hybrid nanoparticles:
Nanoscale metal-organic frameworks (also known as nanoscale coordination
polymers) and polysilsesquioxane nanoparticles. Preliminary applications of
these hybrid nanoparticles in cancer imaging and therapy are described.
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1 Introduction

In spite of the remarkable progress in our understanding of fundamental cancer
biology in the past few decades, we have yet to achieve comparable advances in the
detection, diagnosis, and treatment of cancer [1, 2]. Current imaging and thera-
peutic agents suffer from nonspecific distribution throughout the body, rapid
clearance, poor pharmacokinetics, and undesirable side effects. A variety of organic
and inorganic nanoparticles have recently emerged as promising platforms for
cancer diagnostic and therapeutic applications owing to their tunable sizes, high
agent loadings, tailorable surface properties, controllable or stimuli-responsive drug
release kinetics, improved biocompatibility, and passive tumor targeting via the
enhanced permeability and retention (EPR) effect [3, 4]. Decorated with desired
functional groups, nanoparticles allow the implementation of different molecular
imaging techniques, such as computed tomography (CT), magnetic resonance
imaging (MRI), single-photon emission tomography (SPECT), positron emission
tomography (PET), ultrasound imaging, and optical imaging [5–10]. Their fasci-
nating and unique properties have been exploited for a range of anticancer thera-
pies, such as chemotherapy, photodynamic therapy, neutron capture therapy,
thermal therapy, and magneto-therapy [11–13]. Further, nanoparticles may be
engineered to combine two or more of these therapies, leading to synergistic
anticancer efficacy [14–16].

Although numerous nanoparticles have been developed as carriers for imaging
and therapeutic agents, the majority can be categorized into either pure inorganic
[e.g., quantum dots (QDs) [17], metallic nanostructures (gold nanoparticles) [18],
and metal oxides (particularly magnetic iron oxides [19], up-conversion nano-
phosphors [20], and zeolites [21])] or organic materials (e.g., liposomes [22],
dendrimers [23], micelles [24], and polymeric hydrogel nanoparticles [25]). Each of
these classes of nanoparticles has its own strengths and weaknesses. Hybrid
nanoparticles, composed of both inorganic and organic components, can not only
retain the beneficial features of both inorganic and organic nanomaterials, but also
combine a multitude of organic and inorganic components in a modular fashion to
allow for systematic tuning of the properties of the resultant nanoparticles [26]. This
chapter will focus on the synthesis and applications of two major classes of hybrid
nanoparticles that are closely investigated in our laboratory and in other research
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groups for cancer imaging and therapy, namely nanoscale metal-organic frame-
works [NMOFs, also known as nanoscale coordination polymers (NCPs)] and
polysilsesquioxane (PSQ) nanoparticles.

NMOFs, or NCPs, are a class of hybrid nanoparticles formed by the self-
assembly of metal ions or clusters and polydentate bridging ligands [27–30]. We
and others have demonstrated their potential applications in delivering imaging
agents and drug molecules to cancer cells [26, 27, 31–33]. NMOFs possess several
potential advantages over existing nanocarriers. NMOFs are compositionally and
structurally diverse, allowing for the facile synthesis of NMOFs of different com-
positions, shapes, sizes, and chemical properties that are suited for different bio-
medical applications. NMOFs are intrinsically biodegradable as a result of
relatively labile metal-ligand bonds.

Polysilsesquioxane (PSQ) nanoparticles are another class of hybrid nanomate-
rials, which are formed via condensation of silanol-based monomers and can be
considered as a special class of NCPs with Si as the metal-connecting point. While
PSQs offer similar biocompatibility to other silica-based materials, they allow much
higher drug loadings than silica-based materials with grafted drugs on only their
surfaces [34, 35].

In this chapter, we intend to summarize recent advances in the development of
NMOF/NCP and PSQ nanoparticles as delivery vehicles for imaging agents and
molecular therapeutics. Preliminary in vitro and in vivo imaging and therapy results
will be described to highlight the potential of hybrid nanoparticles in oncology.

2 Nanoscale Metal-Organic Frameworks

Metal-organic frameworks (MOFs), also called coordination polymers or coordi-
nation networks, are a new class of highly tunable hybrid materials crafted from
metal-connecting points and organic bridging ligands. They are typically synthe-
sized under mild conditions via coordination-directed self-assembly processes.
Given their periodic and porous structures as well as the ability to carry a wide
variety of functionalities, MOFs have been investigated for many applications such
as nonlinear optics, gas storage, catalysis, separation, light harvesting, and chemical
sensing [36–47]. When MOFs are scaled to the nanoregime to form nanoscale
metal-organic frameworks (NMOFs), they maintain the structural diversity and
physicochemical properties of bulk MOFs. Further, the particle dimensions can
range from 10 to 100 of nm, making them potential nanocarriers for imaging agents
and drug molecules for cancer diagnosis and therapy.

2.1 Synthesis of Nanoscale Metal-Organic Frameworks

Four general methods have been utilized to synthesize NMOFs: nanoprecipitation
(Fig. 1), solvothermal (Fig. 1), reverse microemulsion (Fig. 2), and surfactant-tem-
plated solvothermal reactions (Fig. 2). Among these four methods, nanoprecipitation
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typically yields amorphous materials and the other three methods can afford crys-
talline materials, owing to the ability to exert a better control on nanoparticle
nucleation and growth kinetics. Surfactants are used in reverse microemulsions and
surfactant-templated solvothermal reactions, which can better control the particle
synthesis and stabilize the resultant particles.

For the nanoprecipitation method, precursor solutions are mixed to allow particle
nucleation and growth. The resulting nanoparticles are insoluble in the solvent
system whereas the individual precursors remain soluble; and therefore, the

Fig. 1 a Surfactant-free synthesis of NMOFs [27]. b, c Representative SEM images of NMOFs
synthesized by nanoprecipitation (b) [48] and solvothermal method (c) [31]. Reprinted with
permission from [27]. Copyright (2014) American Chemical Society

Fig. 2 a Surfactant-templated NMOF synthesis based on reverse microemulsions or surfactant-
assisted solvothermal reactions [27]. b, c Representative SEM images showing NMOFs
synthesized by surfactant-templated method [52, 53]. Reprinted with permission from [27].
Copyright (2014) American Chemical Society
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nanoparticles can be precipitated. This method was used to synthesize NMOFs
composed of the anticancer prodrug c,c,t-Pt(NH3)2Cl2(succinate)2 (DSCP) and Tb

3+

ions [48]. In this synthesis, the pH value of an aqueous solution of TbCl3 and
[NMeH3]2DSCP was adjusted to 5.5, and methanol was added to the precursor
solution to precipitate the nanoparticles. NMOFs formed by nanoprecipitation
adopted spherical morphology with a diameter below 100 nm and carried an
exceptionally high cisplatin loading compared to other nanocarriers. This method
was used to synthesize a Zr-based NMOF containing DSCP by acetone-induced
precipitation of a solution of ZrCl4 and DSCP in N,N-dimethylforamide (DMF) [49].

Solvothermal synthesis of NMOFs can be carried out by either conventional heating
or using a microwave. Temperatures and heating rates are important parameters that
control the NMOF nucleation and growth. An Fe3+ NMOFwith the formula of Fe3(μ3-
O)Cl(H2O)(BDC)3 was synthesized by heating a solution of FeCl3 and terephthalic
acid (BDC) with a microwave [31]. The resultant crystalline NMOF displayed octa-
hedral morphology with a diameter of 200 nm and adopted the known MIL-101
structure. A solvothermal reaction between pamidronate (Pam) and CaCl2 in diethyl-
formamide (DEF)/H2O afforded single crystals of Ca-Pam with rod-like morphology
of*80× 80 × 1000 nm in dimensions [50]. Similarly, microwave heating of a solution
of zoledronate (Zol) and CaCl2 in DMF/H2O led to crystalline particles of Ca-Zol that
adopts a rod-like morphology of *70 × 70 × 1000 nm in dimensions [50]. The
solvothermal method was also used to synthesize a UiO NMOF with the formula of
Zr6(μ3-O)4(μ3-OH)4(amino-TPDC)6. This NMOF with amino-triphenyldicarboxylate
(amino-TPDC) bridging ligand was synthesized by heating a DMF solution of ZrCl4
and amino-TPDC at 80 °C for 5 days, and exhibited a hexagonal-plate morphology
with a diameter of *100 nm and a thickness of *30 nm [51].

Reverse microemulsions provide another method to control nucleation and
growth kinetics of NMOFs because the building blocks for NMOFs are typically
water-soluble. This surfactant-assisted synthesis can be carried out at room tem-
perature or with heating. A crystalline Gd(BDC)1.5(H2O)2 nanorod was synthesized
with this method by mixing two separate microemulsions containing either GdCl3
or [NMeH3]2[BDC] [52]. The particle morphologies could be controlled by
adjusting the water to surfactant molar ratio (w value) of the microemulsion.
Nanorods of 100–1000 nm in length and 35–100 nm in diameter were synthesized
in microemulsions with different w values.

Surfactant molecules can be used to template the NMOF synthesis under
solvothermal conditions by coating the surfaces of growing NMOF particles. For
example, a reverse microemulsion of GdCl3 and [NMeH3]6[BHC] (BHC = benzene
hyxacarboxylic acid) was heated at 120 °C to afford Gd-BHC NMOFs, which
exhibited a blocklike morphology with dimensions of 25 × 50 × 100 nm and
matched a previously reported lanthanide-BHC phase [40, 53]. This method was
also used to synthesize NMOFs capped with lipid, such as 1,2-dioleoyl-sn-glycero-
3-phosphate (DOPA). Several DOPA-coated NMOFs were synthesized by utilizing
the surfactant-templated solvothermal reactions, including Zr-methotrexate (MTX)
NMOFs, Zn-MTX NMOFs, La-DSCP NMOFs, and Zn bisphosphonate NCP
containing platinum-based prodrugs [49, 54, 55].
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The four general methods described above have been adopted to synthesize a
large number of NMOFs. By independently adjusting NMOF precursors, reaction
solvents, pH values, temperatures, surfactant, w values of microemulsions, a wide
variety of NMOFs with well-defined morphologies and compositions can be readily
synthesized.

2.2 Strategies to Incorporate Imaging or Therapeutic
Agents Within Nanoscale Metal-Organic Frameworks

By taking advantage of the porous NMOF structure and flexibility of bridging
ligands, several different methods have been developed to incorporate imaging or
therapeutic agents within NMOFs with high loadings. These loading methods fall
into two main categories: Direct incorporation during NMOF synthesis and post-
synthetic loading [26, 27].

Imaging or therapeutic agents can be directly incorporated into the NMOF
structure during synthesis as metal-connecting points/clusters or as the bridging
ligand [33, 48, 52, 53, 56, 57]. Paramagnetic metal ions such as Gd3+, Fe3+, and
Mn2+ serve as metal-connecting points in NMOF structures and can act as efficient
magnetic resonance imaging (MRI) contrast enhancement agents. Platinum-based
prodrugs (including DSCP, cis,cis,trans-[Pt(NH3)2Cl2(OCONHP(O)(OH)2)2], and
Pt(DACH)Cl2[OCONHPO(OH)2]2), gemcitabine monophosphate, 2,3,5,6-tetrai-
odo-1,4-benzenedicarboxylic acid (I4-BDC) were adopted as bridging ligands to
form NMOFs to provide chemotherapeutics cisplatin, oxaliplatin, and gemcitabine
for cancer therapy and high Z element iodine for CT imaging [48, 55, 56]. This
strategy can lead to NMOFs possessing very high agent loadings with uniform
distribution throughout the frameworks. For example, NCP-1 and NCP-2 con-
taining bridging ligands of cisplatin or oxaliplatin prodrugs achieved as high as 48
wt% cisplatin loading and 45 wt% oxaliplatin loading, respectively (Fig. 3) [55].

The pores and channels in the NMOF structure allow postsynthetic loading of
imaging or therapeutic agents. Biomedically relevant agents can be incorporated
into the tunable pores of NMOFs by noncovalent or covalent interactions after the
NMOF synthesis. A cisplatin prodrug, Pt(NH3)2Cl2(OH)(OEt), was loaded into
UiO NMOFs via noncovalent encapsulation. Release studies showed sustained
cisplatin release from the framework with negligible burst effects [51]. Férey and
coworkers extended this strategy to NMOFs loaded with hydrophilic, amphiphilic,
and hydrophobic agents [33]. Compared to noncovalent incorporation, postsyn-
thesis covalent attachment of an agent offers a more robust approach in terms of
preventing premature release of the agent. The agent covalently attached to the
bridging ligand will only be released upon the decomposition of the NMOF
structure. For example, Fe3+ NMOFs possessing 2-aminoterephallic acid (NH2-
BDC) as bridging ligands allowed for the covalent attachment of either an optical
contrast agent or a chemotherapeutic [31, 58].
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2.3 NMOFs for Cancer Imaging

NMOFs have been evaluated for applications in magnetic resonance imaging
(MRI), computed tomography (CT), and optical imaging [38, 59]. NMOFs show
interesting and distinct advantages over other nanocarriers in delivering imaging
contrast agents.

MRI is a noninvasive imaging technique based on the detection of nuclear spin
reorientations in a magnetic field. MRI provides excellent spatial resolution, high
soft tissue contrast, and unlimited penetration depth, but is intrinsically insensitive
[32]. Therefore, large doses of contrast enhancement agents such as Gd(III) chelates
are used in clinical scans to enhance the contrast between normal and diseased
tissues [60]. The effectiveness of Gd(III)-containing NMOFs as T1-weighted con-
trast agents was first demonstrated by Lin and coworkers [52, 53, 61]. For example,
Gd2(BDC)3(H2O)4 nanorods gave an r1 of 35.8 mM−1 s−1 in an aqueous xanthan
gum suspension, which is almost an order of magnitude higher than that obtained
with the commercially available T1-weighted contrast agent Omniscan [52]. Similar
relaxivities were obtained for Gd2(BHC)(H2O)6 NMOFs synthesized using a sur-
factant-mediated method. Many of the Gd(III)-based NMOFs can also act as effi-
cient T2-weighted contrast agents [53]. The relaxivity values of the NMOFs are
dependent on nanoparticle size, with smaller NMOFs exhibiting larger r1 relaxiv-
ities, which can be attributed to the fact that smaller particles possess higher surface
to volume ratios to enhance the exchange between Gd(III) bound water and bulk
water. Boyes and coworkers further tuned the relaxivities of Gd(III)-based NMOFs
by surface modification with polymers, showing that hydrophilic polymers led to an
increased r1 relaxivity while hydrophobic polymers increased the r2 relaxivity [62,
63]. Unfortunately, Gd-NMOFs leached significant amounts of Gd(III) ions in
water, which limited their in vivo applications as MRI contrast agents, due to the
toxicity of free Gd(III) ions [64]. To address the toxicity issue, the Lin group and
others have synthesized Mn(II)-based NMOFs and evaluated their applications as
MRI contrast agents [65, 66]. Mn(II) ions have been shown to be potent MRI

Fig. 3 General procedure of self-assembly of Zn bisphosphonate NCPs containing platinum-
based prodrugs with lipid and PEG coatings [55]
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contrast agents with lower toxicity compared to free Gd(III). Nanorods of Mn
(BDC)(H2O)2 were found to have an r1 and r2 of 5.5 and 50.0 mM−1 s−1 on a per
Mn(II) basis at 3 T, respectively, whereas nanorods of Mn2(BTC)3(H2O)6 exhibited
an r1 and r2 of 7.8 and 70.8 mM−1 s−1 per Mn(II) basis, respectively.
Mn2(BTC)3(H2O)6 NMOFs were further coated with a thin silica shell and func-
tionalized with a cancer targeting peptide to afford NMOFs with active targeting
capability. This NMOF was evaluated in vivo and demonstrated an enhancement in
T1-weighted signals in the liver, spleen, and aorta 1 h postinjection, which was
attributed to the Mn(II) ions released from the NMOF. Horcajada and coworkers
synthesized a series of iron-carboxylate NMOFs as T2-weighted contrast agents
with sizes ranging from 50 to 350 nm and crystalline structure matching the MIL
series. Negative enhancement of the liver and spleen was observed after injection of
these NMOFs to Wistar rats, which dissipated 3 months postinjection, suggesting
the accumulation, degradation, and subsequent clearance of the NMOFs [33].

CT imaging is based on attenuation of X-rays by a specimen to provide 3D
images with high spatial resolution [67]. High Z number elements such as iodine,
barium, and bismuth are chosen as CT contrast agents; however, large doses (tens
of grams) are typically required in the clinic to achieve adequate contrast [67]. Lin
and coworkers developed NMOFs constructed from Cu(II) or Zn(II) and I4-BDC as
CT imaging contrast agents [56]. CT phantom studies showed that both NMOFs
possessed slightly higher X-ray attenuation factors than commercially used contrast
agent iodixanol. In another example, instead of incorporating the high Z element
into the bridging ligand of the structure, Lin and coworkers incorporated high Z
elements (Hf and Zr) into the M6(μ3-O4)(μ3-OH)4(RCO2)12 (M = Zr or Hf) sec-
ondary building units of UiO-66 NMOFs with high Hf (57 wt%) and Zr (37 wt%)
contents [68]. Hf-NMOFs of different sizes were coated with silica and poly(eth-
ylene glycol) (PEG) to enhance biocompatibility, and were used for in vivo CT
imaging of mice, showing increased attenuation in the liver and spleen (Fig. 4).

A number of luminescent NMOFs have been synthesized, but their unfavorable
absorption properties and low quantum yields have precluded the applications in
biomedical imaging [38]. Lin and coworkers synthesized NMOFs containing a
phosphorescent Ru(bpy)3

2+ derivative as the bridging ligand and Zn(II) or Zr(IV) as
metal-connecting points [69]. Zr-based NMOFs with exceptionally high dye load-
ings (up to 57.4 wt%) were further coated with a layer of amorphous silica, func-
tionalized with PEG, and an active targeting moiety for enhanced uptake in cancer
cells. Confocal microscopy studies demonstrated an increased uptake of NMOFs in
human lung cancer cells. Besides using optical imaging agents as bridging ligands for
constructing NMOFs, optical dyes can also be incorporated within the frameworks
post-synthetically. Kimizuka and coworkers created a series of NMOFs based on
lanthanide ions and nucleotides [70–73]. Anionic dyes, such as perylene-3,4,9,10-
tertacarboxylate, were incorporated within NMOFs of adenosine 5′-monophos-
phate and Gd3+. Confocal microscopy showed the uptake of this NMOF into the
lysosomes of HeLa cells and its biodistribution in a murine model was examined.
Lanthanide-nucleotide NMOFs were also used to successfully encapsulate other
anionic dyes and negatively charged quantum dots. Recently, Lin and coworkers
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incorporated fluorescein isothiocyanate (FITC) into UiO NMOFs by forming thio-
urea linkage between isothiocyanate group on FITC and amino group of bridging
ligand to afford FITC conjugated UiO NMOFs (F-UiO) with exceptionally high
FITC loadings, efficient fluorescence, and excellent ratiometric pH-sensing proper-
ties (Fig. 5) [74]. Real-time imaging studies in live cells revealed endocytosis and

Fig. 4 Sagittal (a and b) and axial (c and d) CT slices of a mouse precontrast and 15 min after
injection of Hf-NMOFs coated with silica and PEG. The areas of increased attenuation are
outlined, and the labels are: 1-spleen (+131 HU), 2-liver (+86 HU), 3-heart, and 4-lungs [68].
Reproduced by permission of The Royal Society of Chemistry

pH 6.2
pH 6.4

pH 5.8

pH 6.3

pH 6.0

pH 6.8

Fig. 5 High-resolution TEM image showing the distribution and structural integrity of UiO
NMOFs in the endosomes of H460 cells. Inset is a zoomed-in view showing one intact UiO
NMOF inside endosome. CLSM image was obtained from live cell imaging video, showing the
overlay of green fluorescence (488 nm channel), red fluorescence (435 nm channel), and DIC. The
pH of different endosomes or particles outside the cells was calculated based on the pH calibration
curve obtained on live cells [74]. Reprinted with permission from [74]. Copyright (2014)
American Chemical Society
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exocytosis of F-UiO and endosome acidification in human lung cancer cells, which
represents the first use of NMOFs for intracellular pH sensing and elucidating
NMOF-cell interactions [74].

2.4 NMOFs for Cancer Therapy

Our understanding of cancer biology has progressed enormously in the past two
decades, bringing a large number of anticancer therapeutics, including small mol-
ecule inhibitors, antibodies, chemotherapeutics, and nucleic acid drugs, to the clinic
[3, 75–77]. However, current therapeutics are limited by their nonspecific distri-
bution throughout the body, leading to high doses, rapid clearance, poor pharma-
cokinetics, and undesired side effects [3, 4, 78]. NMOFs are potential nanovectors
for delivering therapeutic agents to targeted areas of the body to overcome these
limitations. Nanoscale dimensions of NMOFs allow them to take advantage of the
EPR effect to achieve specific and enhanced accumulation in the tumor site.
NMOFs can also control drug release with their large surface areas, high porosity,
and presence of functional groups to interact with loaded moieties.

Lin and coworkers have developed a series of NMOF platforms to deliver
platinum-based chemotherapeutics. An amorphous NMOF was built from a cis-
platin prodrug DSCP and Tb(III) ions by the nanoprecipitation method, and further
coated with a thin layer of silica and a silyl-derived peptide to actively target cancer
cells [48]. This NMOF decomposes in physiological media and thus releases the
cisplatin prodrug by diffusing out of the silica shell in a controlled manner to induce
cytotoxicity in human colon cancer cells. The Iron(III)-carboxylate NMOF was
post-synthetically modified to carry a cisplatin prodrug, c,c,t-Pt(NH3)2Cl2(succi-
nate)(OEt), coated with silica, and targeted with RGD peptide targeting ligand [31].
Cytotoxicity was also observed for this NMOF. NMOFs constructed from a cis-
platin prodrug DSCP and Zr(IV) or La(III) using surfactant-templated heating
technique was capped with DOPA and modified with PEG [49]. These NMOFs
showed cytotoxicity in human lung cancer cells. Recently, Lin and coworkers
reported the self-assembly of zinc bisphosphonate NCPs carrying cisplatin and
oxaliplatin prodrug with high drug loadings [55]. After PEGylation, these two
NCPs showed minimal uptake by the mononuclear phagocyte system and excellent
blood circulation half-lives of 16.4 and 12.0 h for NCPs carrying cisplatin and
oxaliplatin, respectively. In multiple tumor xenograft murine models including
colon, lung, and pancreatic cancer, NCPs exhibited superior potency and efficacy at
very low drug dose compared with free drugs (Fig. 6).

NMOFs can be loaded with other chemotherapeutic agents including metho-
trexate (MTX), pamidronate (Pam), and zoledronate (Zol), and showed cytotoxicity
in multiple human cancer cells in vitro [50, 54]. Horcajada and coworkers encap-
sulated busulfan within the iron-carboyxlate NMOFs and demonstrated their
comparable cytotoxicity as the free drug against several cancer cell lines [33].
Maspoch and coworkers encapsulated several anticancer drugs as guest species
within NMOFs synthesized from Zn2+ and 1,4-bis(imidazole-1-ylmethyl)benzene
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[79]. Huang and coworkers synthesized coordination polymer sphere by combining
1,1′-(1,4-butanediyl)bis(imidazole) (bbi) and ferrous ions and conjugated folic acid
to the surface [80]. The authors demonstrated the cytotoxicity of this coordination
polymer sphere loaded with doxorubicin in HeLa cells.

MOFs have also been studied as carriers for gaseous molecules for anticancer
therapy such as nitric oxide (NO). NO has shown anticancer activity in high
concentrations and other activities including antibacterial, antithrombotic, and
wound-healing applications. Morris and coworkers synthesized two MOFs from
either cobalt or nickel and 2,5-dihydroxyterephthalic acid, which can absorb seven
times the amount of NO than any previously reported material on a per gram basis
via ligation to coordinatively unsaturated metal centers, with little background
release [81].

Most recently, NMOFs have been utilized for the delivery of nucleic acids. Lin
and coworkers for the first time demonstrated the capability of a UiO NMOF to co-
deliver cisplatin and small interfering RNA (siRNA) to drug-resistant ovarian
cancer cells for overcoming drug resistance and enhanced anticancer efficacy [51].
A cisplatin prodrug was encapsulated into the channels of UiO NMOFs and

12 15
0.0

0.8

1.6

2.4

**

T
um

or
 V

ol
um

e(
cm

3 )

Days post injection

 PBS
 Zn Control
 Cisplatin 3mg/Kg
 NCP 0.5mg/Kg

12 15 18 21
0.0

0.4

0.8

1.2

1.6

2.0

T
um

or
 V

ol
um

e(
cm

3 )

Days post injection

 PBS
 Zn Control
 Cisplatin 3mg/Kg
 NCP 0.5mg/Kg

**

0 3 6 9

0 3 6 9

0 6 12 18 24
0.0

0.2

0.4

0.6

0.8

1.0

P
ro

ba
bi

lit
y 

of
 S

ur
vi

va
l

Survival Time (day)

 PBS 
 Zn Control
 Cisplatin 3mg/Kg
 NCP 0.5 mg/Kg

*

(a)

(c) (d)

(b)

Fig. 6 In vivo antitumor activity of NCP carrying cisplatin. a In vivo tumor growth curves for
NCP, free cisplatin, and other controls on the s.c. C26 tumor model. b Kaplan-Meier plots showing
the percentage of animals remaining in the study with s.c. C26 tumor model. c In vivo tumor
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siRNAs were attached to NMOF surface via multiple coordination bonds between
phosphate residues on the siRNA backbone and vacant Zr sites on the NMOF
surface. Co-delivery of cisplatin and siRNA with NMOFs led to an order of
magnitude enhancement in chemotherapeutic efficacy in vitro (Fig. 7). Mirkin and
coworkers synthesized UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)6) NMOFs and cova-
lently functionalized their surface with oligonucleotides utilizing a strain promoted
click reaction between DNA appended with dibenzylcyclooctyne and azide-func-
tionalized UiO-66-N3 [82]. When dispersed in aqueous solution, they exhibit
increased stability and enhanced cellular uptake.

Several ongoing studies in the Lin group showed the potential of exploiting
NMOFs as a versatile platform for combination therapies including chemotherapy,
photodynamic therapy, and gene therapy. With more in-depth investigations,
NMOFs are on the path through preclinical evaluations and hold great promise in
anticancer therapy.

3 PSQ Nanoparticles

PSQ nanoparticles are formed via condensation of silanol-based monomers,
yielding high drug loadings compared with other silica-based nanoparticles. PSQs
have tunable structures and surface chemistry. PSQ particles can be considered as a
special class of NMOFs/NCPs with Si as the metal-connecting point. Although not
many examples are available for their synthesis and applications in the cancer
imaging and therapy yet, the distinct properties of PSQ nanoparticles make them an
interesting nanocarrier platform with significant potential in the clinic.

3.1 Synthesis of PSQ Nanoparticles

PSQs are hybrid materials composed of siloxane networks with organic or metal-
organic bridging ligands. They are synthesized from bis(trialkoxysilanes) ((R’O)3-

Fig. 7 UiO NMOFs carrying a cisplatin prodrug and siRNA exhibited capabilities to escape
endosomal entrapment upon entering the cells and induce significant apoptosis in cisplatin-
resistant ovarian cancer cells. [51] Reprinted with permission from [51]. Copyright (2014)
American Chemical Society
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Si-R-Si-(OR’)3) via sol-gel reactions. As a homopolymer of (R’O)3-Si-R-Si-(OR’)3,
PSQs allow much higher drug loadings than other silica-based materials and their
physicochemical properties can be easily tuned by changing the monomer prop-
erties than in a silica-based materials. Lin and coworkers constructed PSQs carrying
a platinum complex, [Pt(dach)Cl2(triethoxysilylpropyl succinate)2], further surface-
modified the PSQs with PEG and anisamide ligand for active targeting to cancer
cells (Fig. 8) [34].

Fig. 8 Schematic representation of the synthesis of PSQ carrying a cisplatin prodrug [34].
Reproduced with permission from Ref. [34]
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3.2 PSQ Nanoparticles for Cancer Imaging

The cancer imaging applications of PSQs have been demonstrated by the Lin group
[35]. Gd(III) chelates were covalently linked to PSQ particles via a labile disulfide
bond, and the Gd-PSQ nanoparticles were post-synthetically coated with PEG and
anisamide ligand to enhance biocompatibility and cell uptake in cancer cells
(Fig. 9). The effectiveness of this PSQ nanoparticle as efficient optical imaging and
MRI contrast agents were demonstrated in human lung and pancreatic cancer cells
(Fig. 9).

Fig. 9 Efficient MR and
optical imaging of PSQ
nanoparticles. T1- (a) and T2-
weighted (b) MR phantom
images of PSQ-2,
PEG-PSQ-2, and
AA-PEG-PSQ-2 at various
Gd(III) concentrations at 3 T.
(c) Confocal microscope
images of AsPC-1 cancer
cells incubated with FITC-
labeled anisamide-PEG-PSQ-
2. The figures from left to
right depict bright field
images, green fluorescence of
FITC-labeled PSQ
nanoparticles, and merged
images of bright field and
green fluorescence with
DRAQ5-stained nuclei,
respectively. Scale bar is
20 µm. [35] Reproduced with
permission from Ref. [35]
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3.3 PSQ Nanoparticles for Cancer Therapy

The Lin group constructed an oxaliplatin prodrug into PSQ nanoparticles and
modified these particles with PEG and an active targeting ligand anisimide for
enhanced accumulation in cancer cells [34]. These PSQ nanoparticles exhibited
superior cytotoxicity to oxaliplatin free drug against four cancer cell lines in vitro
and showed anticancer efficacy in human pancreatic xenograft murine models after
intravenous injection. Most recently, Lin and coworkers reported a PSQ nanopar-
ticle carrying a cisplatin prodrug and its utilization in chemoradiotherapy using
human lung cancer as a disease model [83]. This PSQ nanoparticle has an
exceptionally high loading of cisplatin and demonstrated significantly enhanced
anticancer efficacy against free cisplatin both in vitro and in vivo with chemora-
diotherapy (Fig. 10).

Cheng and coworkers developed PSQ nanoparticles with controllable sizes, drug
loadings, and release profiles [84, 85]. The trialkoxysilane-containing drugs were
synthesized by forming a degradable ester linker between drug and trialkoxysilane
group and then condensed with tetraalkoxysilane to incorporate the drug into the
resulting nanoparticles. Anticancer drugs including campothecin, paclitaxel, and
docetaxel were loaded into the nanoparticles with precisely controlled sizes
(ranging from 20 to 200 nm). The investigation on the correlation between the
particle size and tumor accumulation/penetration revealed that particles with
diameter of 20–50 nm exhibited enhanced anticancer efficacy, which was resulted
from the faster cellular internalization and more efficient tumor accumulation/
penetration [83].
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4 Conclusions

Hybrid nanoparticles have emerged as powerful platforms for cancer imaging and
therapy. Combining both organic and inorganic components within a single plat-
form allows these materials to be functionalized for a multitude of applications.
NMOFs possess nearly infinite tunability for specific applications and are intrin-
sically biodegradable. Although the development of NMOFs for cancer imaging
and therapy applications is still at its early stage, preliminary results show that they
hold great promise in clinical settings.

PSQ nanoparticles have been developed as imaging, therapeutic, and theranostic
materials. These materials can be tailored to specific physical properties and applied
to multiple biomedical applications. In vitro and in vivo evidences have demon-
strated the advantages of PSQ nanoparticles over small molecule agents. Further
improvements in their pharmacokinetics, biocompatibility, targeting efficiency, and
biodegradability are required for their advancing into clinical use.
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Exploring the Tumor
Microenvironment with Nanoparticles
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Abstract

Recent developments in nanotechnology have brought new approaches to cancer
diagnosis and therapy. While enhanced permeability and retention effect (EPR)
promotes nanoparticle (NP) extravasation, the abnormal tumor vasculature, high
interstitial pressure and dense stroma structure limit homogeneous intratumoral
distribution of NP and compromise their imaging and therapeutic effect.
Moreover, heterogeneous distribution of NP in nontumor-stroma cells damages
the nontumor cells, and interferes with tumor-stroma crosstalk. This can lead to
inhibition of tumor progression, but can also paradoxically induce acquired
resistance and facilitate tumor cell proliferation and metastasis. Overall, the
tumor microenvironment plays a crucial, yet controversial role in regulating NP
distribution and their biological effects. In this review, we summarize recent
studies on the stroma barriers for NP extravasation, and discuss the consequen-
tial effects of NP distribution in stroma cells. We also highlight design
considerations to improve NP delivery and propose potential combinatory
strategies to overcome acquired resistance induced by damaged stroma cells.
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ECM Extracellular Matrix
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1 Introduction

Rapid development in nanotechnology allows the incorporation of multiple
diagnostic and therapeutic agents (e.g., liposomes and quantum dots) into nano-
particles (NP) with a size range from 1 to 1000 nm [1–4]. These nanocarrier
systems provide new approaches to diagnose, prevent, and treat aggressive
malignancy. Nano-based delivery systems hold an advantage over traditional small
molecule chemotherapy in that they can deliver drugs preferentially to tumors due
to the enhanced permeability and retention (EPR) effect, sparing healthy tissues
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from dose-limiting side effects [5–7]. Since their size, shape, and surface properties
can be tailored as needed, nanomedicine can enhance bioavailability, control drug
release kinetics, improve pharmacokinetics, and provide a superior dosing schedule
for better patient compliance [8–14]. Other advantages of nano-based delivery
include the ability to simultaneously incorporate multiple therapeutic agents [15–
20], or co-delivery a therapeutic agent along with an imaging agent for tumor
visualization [21–23]. Nano-based delivery can also be designed to target tumors
and other tumor-stroma components by surface modification with specific targeting
ligands [24, 25]. Although many types of tumors have developed an innate resis-
tance to chemotherapy, nanomedicine also has the potential to overcome resistance
through an alternative path of cellular internalization [26, 27]. For example,
members of the ATP binding cassette (ABC) family of influx transporters are
defective in cisplatin-resistant cells [28]. NPs can bring cisplatin into cells via
caveolin- or clathrin-mediated pathway, bypassing the defective transporter [29].

In the past two decades, over 20 nanotechnology-based therapeutic products have
been approved for clinical use. Among these products, liposomal NP and polymer-
drug conjugates are two major groups, accounting for more than 80 % of conjugates
that have entered the clinic [30–32]. Although these nano-formulations are very
efficient in decreasing adverse effects and inducing tumor regression, their actual
clinical application, however, was limited to just a few types of tumors. A better
understanding of the pathology of different tumor types and the common barriers that
prevent intratumoral transport of NP is required to develop more broadly applicable
strategies for the improvement of therapeutic outcomes across multiple cancer types.

Neoplastic epithelial cells co-exist in carcinomas with several different types of
stromal cells and the extracellular matrix (ECM) that together create the tumor
microenvironment (TME) [33]. To achieve an efficient tumor cell internalization,
systemically delivered NP must first accumulate in tumors via blood flow, then
extravasate from the microvessels, and finally pass through the ECM to reach the
target cells [6, 31, 34, 35]. The first barrier is the extravasation of NP from tumor
vasculature (Fig. 1). Although leaky and tortuous tumor vessels allow the accu-
mulation of NP, mural wall cells, especially pericytes, and basement membrane
(BM), paradoxically limit the penetration of NP through pole-opening on capillary
walls [5, 34, 36, 37]. The uniformly elevated interstitial fluid pressure (IFP)
resulting from vascular hyperpermeability and lymphatic malfunction further
reduces convective transport [5, 14]. The second barrier leading to limited NP
diffusion is the dense stroma (Fig. 1). Stroma consists of nontumor cells (e.g.,
fibroblast, tumor-associated fibroblast (TAF), epithelium, endothelium, muscle
cells, and immune cells) and a highly cross-linked fibril-like ECM structure with
collagen and glycosaminoglycan as major constituents [38–40]. The ECM not only
supports tumor cell growth and metastasis, but also functions as a sieve with high
osmotic pressure to inhibit passive diffusion of NP [14, 41–43].

Most nanotechnology research focuses on improving NP penetration and dif-
fusion to tumor cells, and not on distribution of NP to other cellular components in
stroma. Endothelial cells, TAFs, or tumor, associated macrophages (TAM), have
been recognized as major components that promote cancer progression, therapy
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resistance, and metastasis formation [44–47]. The modulation of these stromal
cellular components by either small molecules or nanodrugs can facilitate the
remodeling of tumor blood vessels or ECM. In addition, imaging of the TME by
NP that target stroma cells increasingly contribute to accurate diagnosis, early
response evaluation and treatment guidance. In this review, we discuss the barriers
to NP delivery, and provide strategies to overcome these limitations. We also
summarize NP that are designed to target stroma cells in vivo, discuss their diag-
nostic application in tumor imaging and the paradoxical therapeutic effects induced
by stroma cell damage and depletion [48–50].

Finally, we propose possible strategies to overcome the heterogeneity of solid
tumor patterns, the complexity of stroma cells in NP delivery, and also mention the
NP-based diagnostic and therapeutic applications in metastatic tumors.

2 Paradoxical Features of the Tumor
Microenvironment Impacting Nanoparticle
Accumulation and Penetration

2.1 Abundant Neovasculature and EPR Effect Promote
Nanoparticle Accumulation in Tumor

Nano-based formulations have shown promising antitumor effects compared to free
drugs due to improved pharmacokinetic properties and preferential accumulation in
the tumor with abnormal vasculature [51–53]. Intravenously injected nanodrugs are
delivered into the pathological lesions through arterioles and released from capil-
laries. Therefore, the key mediators of nanomedicine intratumoral delivery are small
vessels, especially capillaries [7]. Normal capillaries are lined by a tightly sealed

Fig. 1 Schematic illustration of the major cellular and noncellular components of the tumor
microenvironment (TME). The EPR effect facilitates nanoparticle (NP) accumulation. However,
high interstitial fluidic pressure (IFP), pericyte coverage, and the basement membrane limit NP
extravasation from the blood vessels toward the interstitial space. When NP extravasate from the
blood vessels, stroma cells and the extracellular matrix act as another barrier to further inhibit NP
diffusion
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endothelium, firmly attached and supported on the abluminal side by stellate-shaped
pericytes, which are further enveloped in a thin layer of basement membrane (BM)
[54]. In normal tissues, pericyte coverage of the endothelial abluminal surface
varies among different organs and blood vasculatures, with a general range between
10 and 70 % [54, 55]. The vasculature BM, with major components of type IV
collagen, laminin, entactin (nidogen), fibronectin, usually envelops blood vessels
with a thickness ranging from 100–150 nm [56, 57]. Unlike normal blood vessels,
tumor vasculatures usually have large pore openings (0.1–3 µm in diameter),
leading to significantly higher vascular permeability and hydraulic conductivity [58,
59]. In addition, the extent of pericyte coverage on tumor vessels is typically
diminished compared to normal tissues [54]. Both pericytes and BM are loosely
associated with the endothelial cells and partially penetrate deep in the tumor
parenchyma [6, 36, 54, 60]. This inherent leaky and loosely compacted vasculature
tends to be abnormally permeable to macromolecules and NP (10–100 nm, in
diameter). When coupled with impaired lymphatic drainage, the EPR effect brings
several advantages in theranostic NP-based drug delivery (Fig. 1).

2.2 Functional Nanomaterials for Therapeutic
and Diagnostic Applications in Cancer

Nanomedicine-based therapies refer to active pharmaceutic ingredients encapsu-
lated into or conjugated with nano-based delivery vehicles, including liposomes,
polymer micelles, polymer-drug conjugates, dendrimers, and macromolecule
(Fig. 2) [6]. The particle size of these nanovectors ranges from 10 to 100 nm, which
prevents first-pass elimination in kidneys, in turn allowing accumulation in tumors
via the leaky vasculature. Biocompatible polymers such as poly-ethyleneglycol
(PEG) and targeting ligands such as antibodies, peptides, and small molecules have
been attached onto the surface of liposomes to achieve increased circulation time
and cell internalization [61, 62]. Examples include the doxorubicin-liposome Doxil
and the vincristine-liposome Onco TCSs [63, 64]. Doxil increases the half-life in
the blood due to the chemical coating of PEG. It is effective in the treatment of
hypervasculatured tumors, including Kaposi Sarcoma and Ovarian Cancers [63].
PEGylation has also been used to prepare polymer-drug conjugates. Another
attractive polymer employed to formulate drug conjugates is N-(2-hydroxyproyl)
methacrylamide (HPMA). A number of HPMA products are currently in clinical
trials due to their desirable attributes, such as hydrophilicity, functionalizable side
chain and biodegradability. Examples include a HPMA copolymer paclitaxel for-
mulation in phase I trial for treating solid tumors [63]. Abraxane (*130 nm
albumin-bound paclitaxel NP) is another paclitaxel formulation, which is one of the
only two FDA approved nano-formulations in clinical trials besides Doxil. Though
various NP formulations have been developed to target tumor cells inducing cell
apoptosis, only modest survival benefits have been achieved. One possible reason is
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that the abnormal tumor vasculature and the dense interstitial matrix hinder delivery
of the drug throughout the entire tumor in sufficient concentration.

Another clinical application of NP is cancer imaging. Precise imaging of tumor
cells and their microenvironment provides accurate diagnosis and treatment guid-
ance [65]. In the past decades, several theranostic NPs have been designed to target
tumor. These include magnetic and iron oxide NP for magnetic resonance imaging
(MRI), surface modified iodine, gold, and bismuth NP for X-ray computed
tomography (CT) and fluorescent labeled dextran NP, silica NP, and surfaces sta-
bilized quantum dots for fluorescence imaging [65]. Preferential internalization of
certain imaging NP by stroma cells provides the possibility of imaging the TME
[65]. Visualization of the TME not only contributes to disease diagnosis, but also
underlines the integral distribution pattern of NP, which can subsequently guide
therapeutic NP treatment.

Although, more and more imaging agents and nanodrugs are emerging based on
the EPR effect, there are still many obstacles to overcome for an effective tumor

Fig. 2 Multi-functional nanoparticles (NP) for diagnostic and therapeutic effects in the treatment
of tumors. Examples include: liposomes, polymer-drug conjugates, polymeric nanoparticles,
micelles, antibody-drug conjugates, dendrimers, metal NP and quantum dots
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diagnosis and therapy. Limited intratumoral penetration, disparate stromal cell
distribution and response are two major barriers for imaging and therapy.

2.3 Barriers for Extravasation of Nanoparticle from Blood
Vessel into Extracellular Matrix

2.3.1 High Interstitial Fluid Pressure (IFP) Limits NP Convection
On one hand, high permeability of the tumor vessels and a lack of functional
lymphatic vessels results in the EPR effect, driving NP extravasation; on the other
hand, these phenomena lead to high IFP, limiting NP extravasation. In normal
tissues, IFP is around 0 mm Hg; whereas tumors, exhibiting interstitial hyperten-
sion, have an IFP almost identical to the microvascular pressure (with a range of
10–40 mm Hg) [66–68]. High IFP limits convection of NP, paradoxically pro-
moting passive diffusion [69]. Diffusion is a much slower transvascular process
than convection, especially for the transport of large NP [14]. Moreover, stroma
cells compress intratumoral blood and lymphatic vessels, which consequently
impairs blood flow, leading to blood stasis, loss of function, and further inhibition
of NP penetration [70]. The vascular abnormalities can also cause hypoxia and
acidosis. Hypoxia renders tumor cells resistant to both cytotoxic drugs and radia-
tion, while also inducing genetic instability and selecting for more malignant tumor
cells with potentially metastatic properties [59, 71]. Finally, because of the steep
drop in IFP on the edge of tumors, intratumoral fluid can escape from the tumor
periphery into the surrounding tissue, expulsing therapeutic NP, and also excreting
growth factors (e.g., VEGF-A, PDGF-C) to facilitate tumor progression [14].
Altogether, the high IFP and abnormal vasculature pose a formidable barrier to both
the delivery and efficacy of nanodrugs.

2.3.2 Pericytes Coverage as One Factor to Explain Limited
Nanoparticle Extravasation

Pericytes are a ubiquitous part of the TME [54, 72]. They were first identified in
1923 and named based on their function as a major constituent of mural cells lining
against microvessels [73]. Although no specific molecular marker has been iden-
tified specifically to pericytes, alpha smooth muscle actin (α-SMA), PDGFR-β,
NG2 proteoglycan, RGS5, and XlacZ4 are commonly used [54, 73, 74]. Signaling
pathways implicated in the development of pericytes and their interactions with
endothelial cells have recently been reviewed in detail [54]. Briefly, pericytes
recruitment involves multiple pathways in a tumor type-specific manner. They are
recruited mainly by endothelial cells through PDGF-BB/PDGFR-β signaling.
Alternative recruitment signaling includes HB-EGF, pericyte-expressed EGFR and
SDF-1α/CXCR4 [75–77]. VEGF-A, a potent mediator of endothelial sprouting and
neovascularization, acts as a negative regulator of pericyte function and vessel
maturation [78]. Therefore, VEGF-A and PDGF-BB coordinately regulate pericyte
coverage. Ablation of pericytes by anti-PDGF antibody or VEGF has been reported
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to increase vascular tortuosity and tumor growth in low PDGF-BB tumor models
[79, 80]. This is paradoxical, since one would expect that increased leakiness of
blood vessel with low-pericyte coverage would severely facilitate NP extravasation
and inhibition tumor cell proliferation.

The relationship between pericyte coverage and NP extravasation has been
investigated in detail by various groups [1, 81–83]. Different from the initial
assumption that all tumor microvessels have low and loose pericyte coverage [54],
emerging evidence has demonstrated heterogeneous pericyte coverage within in
one single tumor or with regards to different tumor types. By defining pericytes as
α-SMA positive cells attached to endothelial cells, Kano et al. has classified
malignant tumors into high pericyte coverage and low-pericyte coverage subtypes
[81, 82]. They further established that more coverage relates to a worse prognosis
and more fibrotic interstitium for pancreatic, diffuse-type gastric cancer, clear cell
renal cell carcinomas, and glioblastoma (60–70 % coverage), when compared to
low-coverage cancers with a better prognosis such as colon cancer and ovarian
cancer (10–20 % coverage) [73]. Disparate intratumoral NP transport in response to
cytokine-mediated modification of pericyte coverage has been observed in these
two types of tumors in a series of work by Kano et al. [73, 81–83]. Murine colon
cancer CT26 is an example of low-pericyte coverage tumor, while the BxPC3
pancreatic model has been characterized by hypovasculature with more than 70 %

Fig. 3 Effects of VEGF inhibitor (Sorafenib) and TGF-β inhibitor (LY364947) in the CT26 or
BxPC3 model. a Vascular phenotypes revealed by immunofluorescence staining. Green, CD31 or
platelet endothelial cell adhesion molecule (PECAM)-1; red, NG2. b Extravasation of 2 MDa
dextran from vasculature. Dextran is shown in green and CD31/PECAM-1 in red. Scale
bars = 100 μm. c and d are schemes that explain the different effects of VEGF inhibitor and TGF-β
inhibitor on high or low-pericyte coverage tumors (Reproduced from Kano 2009, copyright of
Elsevier)
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pericyte (Fig. 3). They compared the effects of three types of kinase inhibitors,
including TGF-β inhibitor (LY364947), PDGF-B signaling inhibitor (imatinib), and
VEGF inhibitor (Sorafenib) on extravasation of a modeled NP, 2 MDa dextran, and
a liposomal formulation, Doxil, on CT26 and BxPC3. By using the BxPC3 model,
they are able to show that the TGF-β inhibitor can improve 2 MDa dextran and
Doxil penetration, leading to enhanced tumor inhibition (Fig. 3). This is due to the
fact that low-dose TGF-β inhibitor can block pericyte proliferation without affecting
the function of endothelial cells and tumor cells. Consistent with this finding,
various types of TGFβ inhibitors, including small kinase inhibitor and its nano-
formulation (Fig. 4), siRNA and antibodies have been shown to decrease pericyte
coverage. These inhibitors increase vessel leakiness and improve the intratumoral
penetration of sub-100 nm NP, including PEI-PEG-coated MSNP, liposome, and
polymeric micelle in other high pericyte coverage tumors, such as diffuse-type
gastric cancer and 4T1 breast cancer models [82–86]. This finding enabled delivery

Fig. 4 Two wave nanotherapy was used to treat BxPC3 xenografts with high pericyte coverage.
The first wave was MSNP loaded TGFβ inhibitor (TGFβi-MSNPs and the second was MSNP
loaded gemcitabine. a Double staining of endothelial cells (CD31, green) and pericytes (NG2, red)
in two treatment groups. The first wave TGFβi-MSNPs can significantly decrease the coverage of
pericytes (red, NG2) on the endothelial wall (green, CD31). b Fluorescent images of tumor
sections to show that TGFβi-MSNPs improve the extent of liposome intratumoral distribution in
the BxPC3 xenografts. In b, liposomes were labeled with Texas-red, blood vessels were stained
for CD31 (green) and pericyte was stained for NG2 (blue) (Reproduced from Meng et al. 2013,
copyright of ACS publishing group)
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optimization of various contrasting media. Two recent studies have indicated that
TGF-β knockdown can improve MRI contrast [87, 88]. In contrast to the finding in
the BxPC3 model, TGF-β inhibitors cannot increase particle penetration and
improve therapeutic outcome in CT26, since the pericyte coverage was too low to
achieve any additional effect. Interestingly, the VEGF inhibitor, Sorafenib,
increased extravasation of 2 MDa dextran in the CT26 model (Fig. 3). Inhibition of
VEGF-A can efficiently diminish nonfunctional microvessels with low-pericyte
coverage while increase pericyte coverage in the functional microvessels. Thus, the
tumor vasculature is “normalized.” The increased pericyte coverage and tumor
vasculature normalization were also observed by McDonald’s group [89]. Recent
research by Jain’s group indicated that normalization of tumor blood vessels not
only improves small molecule-based chemotherapy, but also facilitates the delivery
of nanomedicine with smaller sizes [90]. Therefore, tumor vessel normalization is
one explanation for enhanced NP penetration after treatment with a VEGF inhibitor
in a CT26 tumor model. The combination of a VEGF inhibitor with Doxil can
synergistically inhibit CT26 tumor growth. Thus, the relationship between pericyte
coverage and NP extravasation varies with regard to the original pericyte coverage,
blood vessel stabilization, and extracellular content. Pericyte coverage is an
indispensable factor for vessel stabilization and maturation. Neither leaky, unma-
tured blood vessels with little coverage, nor over-matured vessels with abundant
pericyte coverage are suitable for NP delivery. Moreover, pericyte coverage is just
one of many factors that influence the intratumoral transport of NP. We need to take
the other barriers into consideration when proposing strategies for the improvement
of NP delivery.

2.3.3 Basement Membrane as Another Biophysical Barrier
for Nanoparticle Extravasation into Interstitial Space

The BM is a specialized form of ECM that functions as a scaffold for endothelial
and mural cells. The main components of the BM are laminin and type IV collagen,
which form distinct sheet-like dispositions linked together by nidogen and heparin
sulfates [56, 60]. In normal tissues, more than 99 % of blood vessels are covered
with a thin layer of BM. It supports the architecture of the blood vessels and
regulates vessel development through gradual secretion of pro-angiogenesis and
proinflammatory cytokines, such as TGF-β and TNFα [36]. In contrast to normal
blood vessel BM, the BM of tumor microvessels is primarily continuous but
conspicuously abnormal [36]. Heterogeneous BM morphologies exist in different
regions of the same tumor or different tumor types. The first type of BM is char-
acterized by a loose association with endothelial cells. Spontaneous pancreatic islet
cell tumors in RIP-Tag2 mice, MCa-IV breast carcinomas, and Lewis Lung car-
cinomas belong to this type of tumors [57]. Murine lung cancer 3LL and pancreatic
cancer BxPC3 are marked by a second type of BM, with a distribution of brighter
collagen nodules condensely overlapped with the capillary. The third type of BM
can be observed in the 4T1 model. This model has a larger collagen content, which
is completely dissociated from blood vessels. Different from the interstitial matrix,
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another category of ECM, BM does not induce elevated interstitial pressure, yet
functions as a sieve to modulate extravasation of free drug and NP from capillaries
into the TME.

Extravasation of 1 nm doxorubicin (DOX), 50 nm macromolecule FITC-tagged
dextran and 80 nm PEGylated liposomes were evaluated on the BM/vessel over-
lapped 3LL model and the BM/vessel dissociated model 4T1. Results indicated that
the extravasation pattern of small molecules (including DOX and dextran) were
comparable, suggesting that vascular collagen could only modulate the transport of
small molecules to a limited extent [57]. However, the extravasation of liposomes
was significantly different between these two types of tumors. Extravasation only
occurred from the vessels that were not tightly covered by collagen type IV. An
in vitro collagen sleeve model was further developed to mimic collagen sur-
rounding capillaries [57, 60]. Collagen sleeve thickness, which was modeled by
changing the number of collagen fiber layers and the size of collagen mesh (with
50–200 nm openings) were evaluated to study their effects on passive diffusion
behavior. Since the molecular size of DOX is substantially smaller than any
opening in the mesh, both thickness and mesh size failed to provide any resistance.
However, diffusion of particles with size larger than 100 nm could be severely
impeded by mesh size and thickness. Therefore, the collagen type IV density, mesh
size, number of layers, and association with vessels by itself could potentially be a
biophysical barrier for limiting drug extravasation and therapeutic efficacy.

Angiogenesis of blood vessels requires degradation of collagen IV by recruiting
metalloproteases MMP2 and MMP9, providing a transient niche with a leaky tumor
vasculature, loose and thin BM, that is beneficial for NP delivery [91, 92]. How-
ever, this transient disruption of contact between endothelial cells and vessel BM
leads to endothelial apoptosis and the formation of collagen fragments that antag-
onize angiogenesis. On the other hand, the residual nondegraded collagen IV
accumulates during repeated remodeling, resulting in multiple distinct layers of
BM. During the formation of multiple layers, Collagen density increases while
mesh size decreases, generating a more resistant pattern for later NP penetration.
Furthermore, the underlying cells can regenerate along the surviving BM that acts
as a template or scaffold for generating axons, which renders NP diffusion even
harder [36].

In conclusion, BM remodeling is a complicated and controversial procedure
controlled by angiogenesis. In addition to digesting the BM via intravenous dosing
of collagen IV degradation enzyme, closely monitoring angiogenesis process and
dosing NP at the optimal interval is required to improve NP extravasation.
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2.4 Extracellular Matrix Components Determine
the Interstitial Transport of Nanoparticles
and Macromolecules

Diffusion of NP across the thick interstitial matrix is the last step to approaching
tumor cells. For tumors with a less interstitial matrix, such as melanoma and
colorectal cancers, NP can easily diffuse across the interstitial barrier, access tumor
cells and induce growth inhibition. However, for tumors with a thick interstitial
matrix, this process is more intractable. In contrast to BM, whose major component
is collagen IV in the form of sheet-like structure, the tumor interstitial matrix
consists of a highly interconnected network of collagen fiber structures (mainly
collagen I, II III) that interact with other molecules, such as proteoglycans and
glycol aminoglycans [93–95].

Collagen content is the major determinant of interstitial transport [14]. Tumors
rich in collagen inhibit diffusion to a greater extent than tumors with low collagen
content. Recent studies showed that matrix modifiers such as bacterial collagenase,
relaxin, and losartan (Fig. 6), an antifibrotic collagen I inhibitor, could modify the
collagen network in tumors and improve the intratumoral spread of polystyrene NP,
oncolytic virus HSV particles and Doxil [96–98]. Apart from collagen content, the
orientation of the fiber net can also influence particle diffusion. During the devel-
opment of tumors, collagen remodeling enzymes modify the architecture of the
collagen scaffold from early, thin and relaxed collagens (curly fibrils) to thick,
linearized, and aligned fibrils (Fig. 5a). Linearization of the collagen matrix stiffens
the ECM, which thereafter not only elicits diverse effects on cellular differentiation
and migration, but also narrows the interfiber spacing, reducing particle motility
[41]. Alignment is one determinant of collagen crosslink and NP distribution.
Stylianopoulos et al. established a mathematical model to evaluate particle diffusion
across collagen fibers varying in degrees of alignments. This study indicates that the
orientation of fibrils leads to diffusion anisotropy (Fig. 5b, c) [99]. An in vivo NP
distribution study performed by Diop-Frimpong et al. further confirmed this con-
cept [96]. In the MU89 tumor with a more aligned and organized collagen fiber
network, penetration and diffusion of NP were more restricted to a limited direction
and area, while in the HSTS26T tumor model, with a dense but more diffusive, less
fiber-like collagen network, particle penetration was more scattered and diffusive
(Fig. 5c, d).

The difference in the collagen crosslinking pattern causes disparate NP diffusion
and leads to different therapeutic outcomes. Since collagen crosslinking is pre-
dominantly catalyzed by enzymes such as lysyl oxidase (LOX), regulated by
fibronectin and organized by SPARC (secreted protein acidic and rich in cysteine),
these molecules can be used as interesting target candidates to inhibit collagen
crosslinking and fibril network organization [41]. For example, Kanapathipillai
et al. designed a nanocarrier-based delivery system, a PLGA-conjugated LOX
inhibitory antibody, to actively target to ECM. It decreased collagen crosslinking,
inhibited tumor growth and metastasis, and improved therapy [6, 100].
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Fig. 5 The influence of collagen crosslinking and alignment on NP distribution. a The
architecture of the collagen scaffold changes from early thin relaxed structures (curly fibrils) to
thick, linearized, and highly aligned structures during malignancy development. (Reproduced from
Egeblad et al. 2010, copyright of Elsevier) b Typical fiber structure established in vitro using a
mathematical model. c Diffusion anisotropy as a function of the particle radius over the fiber radius
for the fiber structures employed in the study. Results indicate that the more aligned one has a
more strict distribution direction. (b, c reproduced from Stylianopoulos. 2010, copyright of
Elsevier. Detailed description refers to the original manuscript.) d Immunostaining of collagen I in
the two in vivo tumor models. Mu89 has highly aligned fibril structure that separate tumors into
different compartments, while HSTS26T has dense collagen but less fibril structure. Losartan
treatment can decrease the collagen content in both tumors. e A scheme hypothesis for losartan
treatment in the two tumor models with a different collagen pattern. It indicates that the aligned
and highly cross-linked tumors have limited NP perfusion after Losartan treatment, while the less
fibril-like tumors have more scattered NP perfusion after Losartan treatment (d, e reproduced from
Diop-Frimpong et al. 2011, copyright of National Academy of Sciences of the United States of
America)

Exploring the Tumor Microenvironment with Nanoparticles 205



Another determinant of interstitial transport is the glycosaminoglycan content.
Hyaluronan (HA) is a nonsulfated glycosaminoglycan in the interstitial matrix. It
consists of glucuronic acid disaccharide/N-acetyl glucosamine repeats of variable
length and signals through CD44 to regulate receptor tyrosine kinase and small
GTPase activity [101]. HA is implicated in the process of epithelial to mesenchymal
transition, angiogenesis, and chemo resistance [102]. Anionic repeats of HA also
capture mobile cations and solvate water, resulting in osmotic swelling and high
interstitial pressure [103]. In pancreatic ductal adenocarcinoma (PDA) and the KPC
pancreatic model, a clinically relevant genetically engineered mouse model
(GEMMs) established by Tuveson et al., HA staining covered almost 100 % of the
tumor sections and is predominantly associated with the desmoplastic stroma
[101, 104]. HA depletion is reported to reverse the quiescent state of endothelium,
induce fenestrae, and impair junctional integrity through disrupting CD44-depen-
dent reorganization of endothelial actin cytoskeleton [101]. The ultrastructural
changes and the vascular re-expansion lead to IFP reduction and have a multipli-
cative effect on intratumoral diffusion and convection [101]. Consistent with this

Fig. 6 Immunostaining of collagen I (red) (a) and quantitative analysis of collagen I content
(b) in different treatment groups indicate that Losartan treatment can significantly decrease
collagen content in both MU89 and HSTS26T tumors. NP penetration was further investigated.
Fluorescence labeled NP was intravenously injected and tumors were then harvested to evaluate
the NP penetration, c is the frozen slice to visualize NP distribution intratumorally, and d is the
quantitative analysis of NP distribution. Results indicate that Losartan treatment can increase NP
penetration, e and f are the growth inhibition curves of different treatments. Losartan can promote
an antitumor effect in both MU89 and HSTS26T tumors (Reproduced from Diop-Frimpong et al.
2011, copyright of National Academy of Sciences of the United States of America)
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finding, systemic administration of a PEGylated human recombinant PH20 hyal-
uronidase (PEGPH20), increases macromolecule permeability and augments
chemotherapy responses in the KPC pancreatic model [98]. Intratumoral adminis-
tration of bovine hyaluronidases also shows promise in several xenograft models
[105, 106]. No recent study has shown effect of HA degradation on particle pen-
etration, yet the specificity of this effect to the tumor suggests utility as a promising
combinatory component to improve the delivery of agents with larger particle size
[107] (Fig. 6).

Other than nonsulfated glycosaminoglycan, sulfated glycosaminoglycan can also
affect interstitial transport. On one hand, these elongated and thin fibers increase the
viscosity of the interstitial fluid; on the other hand, they also carry a highly negative
charge, which can inhibit the transport of macromolecules or NP by forming
aggregates [14]. For example, the electrostatic interaction between heparan sulfate
and the diffusing NP decreases the diffusion coefficient of the NP by three orders of
magnitude [108].

2.5 Strategies to Improve Therapy

From the aforementioned evidence, we conclude that insufficient transport of
diagnostic and therapeutic NP in tumors results from the abnormal structure and
function of tumor vessels and the dense ECM in the desmoplastic stroma. There-
fore, therapeutic strategies to enhance drug delivery have focused on either
remodeling the tumor vasculature to increase the function of the vascular network
and decrease the interstitial pressure, or remodeling the tumor interstitial matrix so
that NP can extravasate the capillary walls and penetrate faster and deeper inside the
tumor.

2.5.1 Remodeling of Tumor Vasculature
The EPR effect improves NP accumulation in tumor microvessels, whereas the
tortuous vessel structure, compressed diameter, deficient function, high interstitial
pressure, abnormal pericytes, and BM coverage limit NP extravasation from blood
vessels into the interstitial space. Therefore, tumor blood vessels are considered as
potential targets to improve the therapeutic potential of nano-formulations. One
strategy is to remodel tumor blood vessels to a leakier state by decreasing pericyte
coverage, BM thickness, or by reducing interstitial pressure to facilitate convection.
TGF-β receptor antagonists (including small molecule kinase inhibitors and siRNA)
were the most frequently used therapeutic agents to inhibit pericyte recruitment and
BM activation [109]. The combination of TGF-β antagonists with NP has shown
enhanced particle diffusion and promising therapeutic outcome. TGF-β inhibitors
were also found to lower interstitial hypertension. Decrease in IFP instantly increases
vessel permeation. In addition to TGF-β inhibitors, VEGF inhibitors such as bev-
acizumab or anti-VEGF antibody can significantly decrease IFP. A monoclonal
antibody against VEGF reduced glioblastoma IFP by more than 70 % [58, 110].
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Similar results have been demonstrated elsewhere in other types of cancer [111, 112].
Tumor IFP can also be lowered by using PDGF antagonists [58]. Tumors suitable for
this type of treatment, such as pancreatic cancer (APC) and 3LL murine lung cancer,

Fig. 7 Vessel normalization improves NP delivery. a Proposed role of vessel normalization in the
response of tumors to anti-angiogenic therapy. a Normal vessel structure. b Tumor vasculature
structure. Tumor vessel is structurally and functionally abnormal, providing resistance to the
delivery of small molecules and NP. c Dynamic vascular normalization induced by VEGFR
blockade. (Reproduced from Carmeliet et al. 2011, copyright of Nature publishing group) b Effects
of vascular normalization on NP delivery and therapy in 4T1 and E0771 tumors. a NP penetration
versus particle size in orthotopic 4T1 mammary tumors in response to normalizing therapy with
DC101. NP concentrations (denoted by pseudocolor) are relative to initial intravascular levels,
with vessels shown in black. b Penetration rates (transvascular flux) for NP in E0771 tumors in
mice treated with DC 101, a and b indicates that normalization improves 12 nm NP penetration
while not affecting 125 nm penetration. Scale bar, 100 μm. c Cytotoxic nanomedicine effectiveness
by vascular normalization. Quantification of tumor growth rates based on the time to reach double
the initial volume. Abraxane (10 nm) and Doxil (100 nm) monotherapy induce growth delays
versus the control treatment. Normalization with DC101 enhances the effectiveness of the 10 nm
Abraxane, but does not affect that of the 100 nm Doxil (Detailed description refers to the original
manuscript, Chauhan et al. 2012, copyright of Nature publishing group)
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usually have hypovasculature, compressed vessels, extremely high IFP, thick peri-
cyte coverage, and BM coating.

Another strategy is the so-called normalization of blood vessel (Fig. 7) [34, 71,
90]. This treatment type is suitable for tumors marked by hypervasculature with
tortuous structure and less pericyte and ECM coverage. VEGF inhibitors decrease
IFP and facilitate particle perfusion. Moreover, VEGF blockage (for e.g., using of
VEGF receptor-2 blocking antibody DC101) prunes immature vessels, facilitates
the recruitment of pericytes, decreases vessel density and diameter, and remodels
the vasculature to more closely resemble the structure of normal vessels (Fig. 7a)
[34, 90]. Agents with indirect anti-angiogenic effects, such as trastuzumab, can also
lead to vascular normalization. A recent study indicated that transient vessel nor-
malization can improve the performance of small anticancer molecule reagents [71].
Vessel normalization might compromise the transvascular transport of large NP
(>100 nm) due to the decrease in pore size, but recent research indicates that it can
improve the permeability of small hard NP (12 nm quantum dots) and soft NP
(50 nm dextran) (Fig. 7b) [82, 90]. Strategies for blood vessel remodeling have to
be adapted, based on tumor structure and particle size. In addition, radiotherapy and
hyperthermia conditioning can also lead to transient leakiness of blood vessel and
thus improve the intratumoral delivery of NP [113, 114].

2.5.2 Remodeling of Tumor Microenvironment
The ECM, particularly the collagen and glycosaminoglycan content, limits NP
diffusion. To improve drug penetration, a common strategy is to degrade these
components and increase the accessibility of the diffusing particles. In addition to
hyaluronidase and collagenase mentioned in previous sections, matrix MMP-1 and
MMP-8 are proteases frequently used to decrease the level of tumor glycoamino-
glycans and improve convection [14, 115].

2.5.3 Design of Nanoparticle to Improve the Delivery
Besides remodeling of the TME, particle size also plays an important role to enable
high-level NP penetration into tumor elements. The smaller the particles the better
the transport. Notably, free drugs with smaller sizes can diffuse more rapidly than
NP. However, small molecules not only distribute to normal tissue inducing adverse
effects, but also fail to be trapped in the tumor tissue for optimized efficacy.
Therefore, the size of NP needs to be optimized for each tumor and its metastasis
sites Using dextran of various molecular weights in a FaDu tumor model, variable
distribution relative to molecular weight has been demonstrated [73, 116]. In this
study, 3.3 kDa dextran resembling small molecule drugs entered all tumor tissues
quickly. 70 kDa dextran gradually extravasated the blood vessels into the ECM,
while 2 MDa dextran remained in the vascular lumen. Polymeric micelles are one
kind of NP used widely to delivery hydrophobic chemotherapy drugs. In another
study, Cabral and Kataoka et al. prepared a series of micellar nanomedicines
(micelle DACHPt) with a diameter ranging from 30 to 100 nm. They found that
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penetration of NP decreased significantly upon increasing the particle size. Only
small particles (30 nm) could penetrate the poorly permeable pancreatic cancer
model, BxPC3, and caused promising therapeutic effect (Fig. 8) [85]. In addition,
Pain’s work using PEGylated quantum dots further inferred that diffusion of NP
with smaller sizes (10–20 nm) can be increased after vasculature normalization,
similar to free drugs. However, particles around 100 nm cannot achieve a similar
effect [90]. These observations emphasize the importance of tailoring the diameter
of NP products, even those with a diameter less than 100 nm.

In addition to particle size, the shape and surface charge of therapeutic NP also
plays a key role in extravasation and interstitial transport. For example, cationic
particles are more likely to target endothelial cells and exhibit a higher vascular
permeability compared to its anionic and neutral counterpart [117]. While extrav-
asated into the interstitial space, cationic particles can aggregate with negatively
charged hyaluronan, and anionic particles can aggregate with positively charged
collagen. Therefore, neutral particles diffuse faster and distributed more homoge-
neously inside the tumor interstitial place [118]. As for the influence of particle
shape, it is reported that linear, semi-flexible macromolecules can diffuse more
rapidly in the ECM than spherical particles with similar size [119]

Though condensed ECM functions as a barrier for NP diffusion, it can also be
taken advantage of to improve the efficacy of nanomedicine. Based on the acidic
pH, reduced oxygen pressure, and enzyme-rich properties of the TME, NP can be
constructed to the advantage of these properties. For example, a multistage quantum
dots embedded gelatin NP was engineered to degrade gradually and release 10 nm
small quantum dots in response to MMPs, zinc-dependent endopeptidases that are
abundant in the ECM [120]. Drug-polymer conjugates have also been designed
with a cleavable linker, which is the substrate of MMP and fibroblast activation

Fig. 8 a Structure of a DACHPt micelle. b Mapping of platinum atoms from DACHPt of varying
sizes in BxPC3 xenografts by μ-SR-XRF 24 h after administration of micelles. Scale bars, 50 μm.
This microdistribution figure indicates that small particles have better intratumoral distribution.
c Antitumor activity of DACHpt micelles with different diameters. Smaller micelles have better
antitumor activity. Detailed information refers to the original paper (Reproduced from Cabral et al.
2011, copyright of Nature publishing group)
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protein (FAP), a gelatinase that is expressed on TAFs [121–124]. Upon penetration
of the ECM, free drug is released upon linker cleavage and diffuses more rapidly
than the NP in the interstitial space for better therapeutic outcome. Based on this
concept, pH sensitive particles have been designed to trigger the release of free drug
from the cargo within tumor elements [125, 126]. In addition, external stimulants,
such as electric pulses, magnetic field, ultrasound, heat, and light can also be used
to improve NP penetration and free drug release [127–131].

3 The Relationship Between Nanoparticle Subtumoral
Distribution and Tumor/Stroma Biological
Interaction

In the previous section, we described the stroma as a physical barrier for NP
extravasation from blood and diffusion into tumor cells. We then proposed methods
to promote NP accumulation and improve diagnostic and therapeutic effects. Apart
from being a physical barrier, the stroma, especially stroma cells, also support
tumor growth through a direct cell adhesion interaction or in a paracrine manner
mediated by secreted factors. Therefore, stroma cells and noncell components can
be recognized as potential targets for antitumor therapy. In a preliminary experi-
ment with a human bladder cancer model, we have quantified the intratumoral
distribution of DiI-labeled liposomes and observed that around 20 % of liposomes
were passively internalized by TAFs, one of the major stroma cells (Data not
published). This raises the following questions: What is the amount of NP accu-
mulated in the interstitial space that are actually internalized by tumor cells? What
kind of stroma cells have taken up the accumulated NP? What is the response of
stroma cells to the therapeutic NP? Will the stroma-tumor interactions be affected
by NP assaulted stroma cells? These questions await answer in future experiments.

3.1 Nanoparticles that Target Endothelial Cells

NP resident within the tumor vasculature first encounter layers of endothelial cells
and are ready to be internalized by them. Nontargeted PEGylated NP was inter-
nalized by endothelial cells through a low-density lipoprotein receptor-mediated
pathway or other alternative pathways in vivo [132]. Since therapeutic strategies for
regulating endothelial cells can result in tumor shrinkage via decreasing oxygen and
nutrients supply, some nanomedicines are designed to actively target endothelial
cells and increase cellular internalization. Targeting endothelial cells evades the
stroma barriers and decreases the potential of drug-mediated resistance based on the
genetic stability of endothelial cells. In addition, some endothelial cell markers also
exist on the tumors, making these NP a dual targeting agent with a broad-spectrum
of effects [65]. Integrin ανβ3 is preferentially expressed on angiogenic endothelium
in malignant tissue and widely used as an endothelial target [65]. Many recent
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studies have shown that functional therapeutic NP (loaded with doxorubicin, or
antiangiogenesis agent) modified by integrin targeting peptide or cyclic or linear
derivatives of RGD oligopeptide ligands can result in a strong inhibition of tumor
growth [133–135]. RGD modification can also be used to improve vasculature
imaging. For example, iRGD conjugated super-paramagnetic iron oxide NP
(SPIONs) are able to image integrin ανβ3/β5-positive tumor neovasculature in vivo
through MRI [136].

3.2 Nanoparticles that Target Macrophages

Preclinical studies indicate that TAMs represent an attractive target since they have
been identified as an independent poor prognostic factor in several tumors types
[47]. Antibodies, such as anti-CSF-1R, have been used to target TAMs and showed
promise [47]. Since TAMs have a high expression of mannose receptor, mannose
has been used as a targeting ligand for NP-based TAMs delivery [137, 138]. Many
NP have also been engineered to image TAMs for diagnostic purposes [139]. The
recognition that MRI-compatible nanomaterials can label TAMs dates back to the
mid-1990s and has recently found renewed interest. Macrophage-specific PET
imaging agents are also being developed [139]. TAMs were previously viewed as
agents dispatched by the immune system to attack and eliminate tumors (M2
macrophage). However, extensive research over the past decade implicates that a
sub-group of TAMs, known as M1 macrophages, has antitumorigenic properties
[47]. Therefore, current focus has been shifted from exclusively depleting and
imaging all TAMs to modulating the ratio of M1/M2 macrophages for improved
therapy. Therapeutic NP should be able to target M2 macrophages, inhibiting M2
function or converting them into an antitumorigenic M1 subtype.

3.3 Nanoparticles that Target TAFs

TAFs are mesenchymal-like cells playing key roles in transformation, proliferation,
and invasion of tumors [33, 140]. The majority of TAFs originate from trans-
differentiation of resident fibroblasts, pericytes, or adipocytes in response to tumor
secreted growth factors such as TGF-β, endothelin-1, and fibroblast growth factor 2
(FGF2). Alternatively, TAFs can also derive from distant sources such as bone
marrow-derived mesenchymal stem cells (MSCs) [33]. Homing of MSCs to neo-
plastic sites induces their trans-differentiation into more aggressive α-SMA, fibro-
blast activation protein (FAP), tenascin-C and thrombospondin-1 expressing TAFs,
and pericytes. In addition, TAFs can stem from epithelial cells following the ini-
tiation of an epithelial–mesenchymal transition, or from endothelial cells under-
going endothelial to mesenchymal transition (EndMT) [44, 46, 141]. TAFs
synthesize and secrete ECM and regulate the release of degrading enzyme and
growth factors. TAFs can activate angiogenesis through TGF-β mediated secretion
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of VEGF-A, or through recruiting of circulating endothelial progenitor cells [33].
TAFs can also secrete cytokines, such as CXCL12, to direct tumor lung metastasis
or tumor immune invasion through binding with CXCR4 on remote premetastatic
niche [142].

Recent research indicates that several passively diffused therapeutic NP can
specifically distribute to TAFs and induce cell death. Cellex, a docetaxel-conjugate
NP developed by Murakami et al., is a good example of this [143]. Cellex is a
120 nm NP that can reduce α-SMA content by 82 and 70 % in the 4T1 breast cancer
model and the MDA-MB-231 model, respectively, native docetaxel and Abraxane
exert no significant antistromal activity. Recently in our own lab, lipid-coated
calcium phosphate NP encapsulating chemodrugs and siRNAs (LCP), and lipid-
coated cisplatin NP (LPC) with cisplatin as both carrier and anticancer agents have
been synthesized [15, 144, 145]. Both LCP and LPC NP can penetrate the TME
barrier and distribute to TAFs. In a recent study, Zhang et al. indicated that a
combination of gemcitabine LCP NP and cisplatin LPC NP can target TAFs and
block α-SMA positive fibroblast recruitment by more than 87 % after multiple
injections in a stroma-rich bladder cancer model (Fig. 9) [53]. In another study,
cisplatin was also reported to deplete TAFs when co-delivered with an mTOR
inhibitor in PLGA NP (Fig. 10) [146]. Transient depletion of TAFs increased tumor
permeability, suppressed IFP, increased NP accumulation, and inhibited tumor
metastasis [50, 95, 147, 148]. In both Zhang and Murakami’s work, naïve TAFs are
very sensitive to docetaxel and cisplatin, and show significant stromal depletion
post single injection (Fig. 9). The mechanism of NP passively diffused to TAFs is
not discussed in detail in the two aforementioned manuscripts. One possible reason
may be that the majority of TAFs, especially α-SMA positive pericytes were
localized around endothelial cells. When NPs are extravasated from the capillary
wall, they immediately encounter these TAFs, which lead to their preferential
internalization. Suitable particle size and materials with a high TAFs affinity can
also explain the TAFs distribution. A significant depletion of α-SMA positive cells
at the initial dose may also result from different responses of TAFs and tumor cells
to therapeutic NP. That is to say, NP can be internalized by both tumor cells and
TAFs. However, the latter has a lesser proliferating rate is more sensitive to che-
motherapy and is less likely to induce resistance.

Due to the significant role of TAFs in mediating ECM formation and tumor cell
progression, therapeutic NP that are designed to target fibroblasts within the tumor-
stroma offer another treatment option. However, a lack of specific and unique
surface targets limits the clinical application of this strategy. Recently, the identi-
fication of fibroblast activation protein (FAP) α as a target selectively expressed on
TAFs has led to intensive efforts to exploit this novel cellular target for clinical
benefit [149]. FAP is a membrane-bound serine protease of the prolyl oligopepti-
dase family with unique post-prolyl endopeptidase activity. Monoclonal antibody
derivatives against FAP, prodrug, and drug-polymer conjugates with FAP cleavage
bonds, and a DNA vaccine targeting FAP have been developed to improve the
target therapies targeting TAFs [50, 149].
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Fig. 9 Combination of GMP LCP NP and cisplatin LPC (Combo NP) target α-SMA positive
TAFs and suppress tumor growth in a stroma-rich bladder cancer model. a Tumor growth
inhibition of different formulations on stroma-rich tumor bearing mice. Combo NP showed the
most significant antitumor effect. a TEM of GMP LCP NP. b TEM of cisplatin LPC NP. b The
distribution of TAFs (α-SMA, green) and blood vessels (CD31, red) in the stroma-rich model.
c Effect of Combo NP on the induction of apoptosis and inhibition of TAFs. Then, tumor bearing
mice were further treated with a single injection of combo NP and tissues were collected and
analyzed every day post injection. (From d to h). d Double staining for SMA positive TAFs (red),
TUNEL (green) and apoptotic fibroblast (yellow). e Quantitative results for TUNEL-positive cells
and α-SMA positive fibroblasts. f Quantitative results for apoptotic fibroblasts expressed as the
percentage of total apoptotic cells and fibroblasts. f Masson’s trichrome stain for collagen (blue).
g Quantitative results for collagen expressed by the area (%). α-SMA positive TAFs. Collagen
decreased significantly on the fourth day post single injection (Reproduced from Zhang et al. 2014,
copyright of Elsevier)
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3.4 Paradoxical Outcome of Targeting and Depleting
Stroma Cells

Stroma cells support tumor progress and migration. They can also form an innate
niche that promotes resistance toward small molecule or NP-based chemotherapy.
For example, fibroblast-secreted heparin growth factor (HGF) regulates MAPK and
AKT signaling pathway, resulting in resistant to vemurafenib, a mutant Braf
inhibitor, in the treatment of BrafV600E mutated melanoma [43, 46]. Another
example is the inhibitory immune microenvironment caused by regulatory T cells
and M2 macrophages that limits the efficacy of cancer vaccines [150]. However,
stroma cell depletion acts as a double-edged sword. Feig et al. indicated FAP
positive TAFs, secrete CXCL12 and direct tumor immune evasion in a model of
pancreatic ductal adenocarcinoma (PDA) [142]. Paradoxically, Ozdemir et al. and
Rhim et al. demonstrate that stroma targeted depletion results in undifferentiated
and aggressive pancreatic cancer, uncovering a protective role of stroma in this
cancer [48, 151, 152]. TAFs function differently with regards to cancer models.
Targeted depletion of TAFs should be approached with caution when dealing with
different tumor types. Moreover, chronic inhibition of stroma cells can lead to
acquired resistance. In a recent study by Sun et al., it was observed that treatment-

Fig. 10 a, b Preparation and TEM image of PLGA NP co-encapsulated with cisplatin cores and
an mTOR inhibitor rapamycin (RAPA). d Double staining of TUNEL (green) for apoptosis and α-
SMA (red) for TAFs. e Masson trichrome staining for collagen, d and e indicate that combination
therapy can induce cell apoptosis, deplete α-SMA positive fibroblast and inhibit collagen synthesis
in nude mice bearing A375 luc melanoma. f Shows that combinatory NP improve the penetration
of DiI PLGA NP (red) in an A375 luc xenograft. The blood vessels were stained with CD31
(green). c Hypothesis: RAPA and cisplatin combination treatment remodels the tumor
microenvironment. Combinatory PLGA NPs exhibited considerable antiangiogenesis effect and
blood vessel normalization while also depleting the stroma (Reproduced from Guo et al. 2014,
Copyright of ACS nano)
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induced DNA damage in the neighboring benign stroma cells promotes prostate,
breast, and ovarian cancer therapy resistance through paracrine secretion of Wnt16
[49]. Consistent with this finding, Krtolica found that senescent fibroblasts can
promote epithelial growth [153]. These findings underline the acquired resistance
elicited by TAFs following a chronic chemotherapy assault. Our own preliminary
data indicate that chronic exposure of TAFs to cisplatin-containing NP can lead to
the resistance of neighboring tumor cells along with the TAFs through paracrine
signaling. Resistant TAFs secreted more extracellular molecules to stiffen the TME,
promoting tumor growth while inhibiting NP penetration (Fig. 11). In order to
overcome this stroma-induced resistance, combination strategies should be con-
sidered to deplete tumor cells and TAFs, and to inhibit the prosurvival crosstalk
between these two types of cells. Nanotechnology provides the ability to co-load
multiple modalities with different functions and targets. It is a preferred approach
for targeting stroma cells while also inhibiting tumor-stroma crosstalk.

4 Conclusions and Future Perspectives

The dense ECM structure and aberrant tumor vasculature blocks NP penetration of
tumor cells and results in limited therapeutic outcome. However, penetration is not
the only standard to evaluate therapeutic response. Heterogeneous distribution of
NP in the interstitial space and disparate internalization of NP to stroma cells may
cause acquired resistance from TME and eventually lead to the treatment failure.
Presently, the challenge is to design NP with multifunctional modalities to target
both tumor and stroma cells, block the resistant tumor-stroma crosstalk, and uni-
formly deliver the designed NP homogenously across the tumor. In addition to
delivering therapeutic and diagnostic NP to solid tumors, another critical task
requiring further investigation is targeted delivery of NP to metastatic sites and
inhibiting the formation of a stroma-rich metastatic niche. Recently, Swami et al.
approached this challenge by engineering nanomedicine to target myeloma and the
bone metastatic microenvironment [154]. Moreover, a recent discovery on the effect

Fig. 11 Mechanism of tumor microenvironment and stroma cell induced acquired resistance
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of melanoma-derived exosomes in inducing vascular leakiness at premetastatic sites
may provide a means of passively targeting NP to metastatic sites [155]. Clinically
relevant models should be established to prove the concept. In TME research,
several mathematical in vitro models and clinically relevant in vivo models have
been developed. However, up to now, the existing models are not able to suffi-
ciently depict complicated interactions between NP and the TME. More sophisti-
cated model systems together with more effective nanomaterials need to be
developed to more adequately explore the TME.
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How Nanoparticles Interact
with Cancer Cells

Abdullah Syed and Warren C.W. Chan

Abstract

There are currently no nanoparticle formulations that optimally target diseased
cells in the body. A small percentage of nanoparticles reach these cells and most
accumulate in cells of the mononuclear phagocytic system. This chapter explores
the interactions between nanoparticles and cells that may explain the causes for
off-target accumulation of nanoparticles. A greater understanding of the
nanoparticle-cellular interactions will lead to improvements in particle design
for improved therapeutic outcome.

Keywords

Nanomedicine � Nano-Biointeractions � Nanoparticle Cell Interaction � Cancer
Targeting

Contents

1 Introduction .......................................................................................................................... 228
2 Uptake of Nanoparticles Proceeds Through Distinct Mechanisms in Both

Cancer Cells and Professional Phagocytes ......................................................................... 229
2.1 Clathrin-Mediated Endocytosis Is Normally Involved in Receptor-Mediated

Uptake by Cancer Cells.............................................................................................. 300
2.2 Clathrin-Independent Endocytic Mechanisms Are Prevalent in Many

Cell Types, but Are Numerous and More Difficult to Study ................................... 231

A. Syed � W.C.W. Chan (&)
Institute of Biomaterials and Biomedical Engineering,
Terrence Donnelly Centre for Cellular and Biomolecular Research,
University of Toronto, 164 College St., 407, Toronto, ON M5S 3G9, Canada
e-mail: Warren.chan@utoronto.ca

© Springer International Publishing Switzerland 2015
C.A. Mirkin et al. (eds.), Nanotechnology-Based Precision Tools for the Detection
and Treatment of Cancer, Cancer Treatment and Research 166,
DOI 10.1007/978-3-319-16555-4_10

227



2.3 Larger Particles Are Normally Taken up by Micropinocytosis
in Most Cancer Cells .................................................................................................. 232

2.4 Off-Target Accumulation of Nanoparticles Is Presumed
to Be Due to Phagocytosis ......................................................................................... 232

3 Contact with Blood/Serum .................................................................................................. 233
3.1 Adsorption of Serum Proteins Changes Fundamental Nanoparticle Properties ........ 233
3.2 Serum Protein Adsorption on Nanoparticle Surface Redirects

Their Fate In Vitro...................................................................................................... 234
3.3 The Mechanisms Employed by Adsorbed Proteins to Bind to the NP Surface

and Redirect Their Fate Are not Fully Understood................................................... 234
3.4 Surface Passivation Is the Predominant Strategy to Reduce

the Influence of Serum Protein Adsorption ............................................................... 235
3.5 Serum Protein Adsorption Can Be Exploited to Create Novel NPs......................... 235
3.6 The Impact of Serum Protein Adsorption Needs Be Acknowledged in Future

Studies About Nanoparticle-Cell Interactions ............................................................ 236
4 Endocytosis Is Dependent on Nanoparticle Properties ....................................................... 236

4.1 Endocytosis of Nanoparticles into a Variety of Cancer Cells Is Sensitive
to Nanoparticle Size.................................................................................................... 236

4.2 Aspect Ratio Is also Important in Determining the Rate of Endocytosis ................. 237
4.3 Decorating the Nanoparticle Surface with Targeting Ligands Improves

Endocytic Specificity by Increasing the Binding and Uptake
of Nanoparticles into Target Cells ............................................................................. 238

5 Endosomal Escape Is a Limiting Factor for Delivering Cargo to Specific Cell
Compartments Using Nanoparticles .................................................................................... 239

6 Exocytosis of Particles Affects Rates of Accumulation ..................................................... 240
7 Conclusion ........................................................................................................................... 241
References .................................................................................................................................. 242

1 Introduction

The in vivo accumulation of nanoparticles in target and off-target tissues depends
on the interactions of the nanoparticles with different types of cells (i.e. diseased
cells and reticuloendothelial cells). By manipulating these interactions, it may be
possible to improve the accumulation of therapeutics at target tissues and reduce
off-target exposure. More precise targeting can improve the therapeutic indices of
chemotherapeutic drugs because it can reduce the toxicity that results from drugs
interacting with off-target organs. Currently, the realization of this prospect is
hampered by the fact that most nanoparticles do not reach target sites, and tech-
nologies based upon them have demonstrated only modest efficacy in clinical trials
[1, 2]. Overcoming this challenge requires an improved understanding of the pro-
cesses that determine the biodistribution and pharmacokinetics of nanoparticles.

When nanoparticles are injected in a live animal, several key steps occur before
the nanoparticle encounters cancer cells. First, when exposed to blood or serum,
proteins adsorb on the nanoparticle surface forming a layer known as the “protein
corona” (see Sect. 3). The types of proteins bound to the surface and the kinetics of
aggregation are dependent on the initial geometry, surface chemistry, and material
composition of the nanoparticle as well the composition of the biological envi-
ronment. Once bound, these proteins may cause the nanoparticles to aggregate or
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direct them to bind to phagocytic cells located in the organs of the mononuclear
phagocyte system which will remove the nanoparticles from circulation before they
can reach cancer cells.

It has been proposed that the nanoparticles remaining in circulation encounter
the tumor microenvironment by diffusing through leaky vasculature [3]. Decorating
the nanoparticle surface with molecules that bind cancer cells is presumed to
enhance the rate of endocytosis into the cells. Subsequently, nanoparticles may
escape endosomes and enter the cytoplasm in order to exert a therapeutic effect.
Alternatively, nanoparticles may manipulate cell function through surface receptors
that control major signaling pathways without undergoing endocytosis. These
potential therapeutic effects of nanoparticles can only be realized if we can transport
the nanoparticle to the diseased site.

The complexity of how nanoparticles reach the targeted site is fascinating, but
would be difficult to fully explore in this book chapter. We recommend the fol-
lowing excellent review articles on the topic [2, 4–7]. This book chapter focuses on
what happens to nanoparticles once they reach the cancer cells. This chapter begins
with a general introduction of the mechanisms of endocytosis that are relevant to
understanding nanoparticle-cell interactions and the relative rates of uptake of
nanoparticles by cancer cells and phagocytes (see Sect. 2). The remaining sections
follow the chronological process that nanoparticles undergo in vivo. This process
begins with the nanoparticle’s exposure to blood serum (see Sect. 3) and from there
proceeds to their binding and/or uptake by phagocytes and cancer cells (see Sect. 4).
This step is followed by the nanoparticle’s endosomal escape (see Sect. 5) and
exocytosis (see Sect. 6), which are also important factors that determine nanopar-
ticle accumulation. A full understanding of these processes should allow the
extraction of principles that can be used to design nanoparticles with deliberately
programmed behavior.

2 Uptake of Nanoparticles Proceeds Through Distinct
Mechanisms in Both Cancer Cells and Professional
Phagocytes

The mechanisms of endocytosis employed by cells depend on the characteristics of
the nanoparticles themselves, including the presence of ligands that bind and activate
specific receptors on the cell surface [8–10]. The cell membrane is generally
impermeable to most macromolecules and nanoparticles, so the transport of both
nutrients and nanoparticles proceeds mostly through energy-dependent mechanisms
of uptake. This has been confirmed with the observation that uptake of nanoparticles
is almost completely inhibited when such energy-dependent mechanisms are
blocked [10]. Some of these endocytotic mechanisms are shown in Fig. 1. Since
endocytotic mechanisms are critical components of cell signaling pathways there
may be unique mechanisms of uptake by diseased cells. Currently we know that
phagocytosis is associated with off-target accumulation and it has been claimed that
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caveolin-mediated endocytosis is associated with improved transfection efficiency
but it is unclear if any known endocytotic mechanism behaves differently in a broad
range of cancer cells [11]. More research on mechanisms of endocytosis may
uncover further patterns that differentiate cancer cells from normal and off-target
cells. This may lead to new methods to redirect nanoparticles towards particular
endocytotic mechanisms as an alternate means to improve nanoparticle specificity.
To this end, further studies are needed to determine which mechanisms of uptake are
commonly employed by cancer cells compared to non-target cells as well as studies
that relate nanoparticle uptake through particular endocytotic pathways.

2.1 Clathrin-Mediated Endocytosis Is Normally Involved
in Receptor-Mediated Uptake by Cancer Cells

The most well-known and studied uptake mechanism is clathrin-mediated endocy-
tosis. This mechanism is responsible for the endocytosis of iron-saturated transferrin,
low-density lipoproteins, the influenza virus and many types of nanoparticles in a
variety of cell types including cancer cells [12]. It is also presumed to be responsible
for the uptake of nanoparticles when their surface is coated with certain targeting
ligands [13]. The initiation of clathrin-mediated endocytosis is hypothesized to be
spontaneous, and therefore non-specific, beginning with the assembly of FCHO and
AP2 (and several other proteins) on the cell membrane [14, 15]. The binding of a
molecule or nanoparticle onto multiple membrane receptors can also trigger the
process in a ligand specific manner by creating membrane curvature, which initiates

Fig. 1 Schematic of some of the mechanisms of endocytosis that have so far been elucidated. The
focus in this chapter will be on clathrin-mediated, caveolar-type, macropinocytosis, and
phagocytosis mechanisms. Adapted from [68] with permission of The Royal Society of Chemistry
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the assembly of AP2 [14]. Following initiation, a clathrin coat forms underneath the
cell membrane, and the membrane is pulled into the cell to form a pit [14, 15]. The
pit and the clathrin coat can be visualized unambiguously using TEM [16]. At this
point, the involvement of a cargo on a receptor is required for maturation of the pit
into an endocytic vesicle [17]. Once the clathrin assembly matures, dynamin cata-
lyzes membrane scission and separates the newly formed vesicle from the cell
surface [17]. Clathrin vesicles have a minimal diameter of 31 nm as determined by
the cryo-TEM of vesicles, but the upper limit may be much higher [18]. Tsuji et al.
confirmed the clathrin-mediated uptake of 523 nm diameter particles by directly
visualizing the clathrin coat using TEM [16]. Veiga et al. and others have reported
the clathrin-dependent uptake of particles as large as 1 μm in diameter through
fluorescence co-localization and siRNA knockdown techniques [16, 19].

2.2 Clathrin-Independent Endocytic Mechanisms Are
Prevalent in Many Cell Types, but Are Numerous
and More Difficult to Study

Nanoparticle uptake through clathrin-independent endocytosis pathways has been
observed [20]. However, multiple pathways are involved and their characteristics
are not completely understood because it is difficult to distinguish between them.
[21]. The most commonly cited clathrin-independent pathway is caveolin-mediated
uptake. Both spherical nucleic acids-gold nanoparticles and polyethylenimine—
DNA complexes have demonstrated cellular uptake through this pathway [11, 22].
Caveolin is a membrane protein that is enriched in flask-shaped invaginations on
the cell membrane. It was assumed that enclosed intracellular structures positive for
caveolin1 as observed by TEM were endocytic vessels formed in caveolae; how-
ever, Sandvig et al. have recently argued that these structures are an artifact of
sectioning and do not get internalized [21]. Nevertheless, caveolin1 is strongly
associated with endocytosis perhaps through another pathway [11, 21, 23].

Unfortunately, our understanding of other clathrin-independent mechanisms is
even more limited [21]. It is often difficult to distinguish these mechanisms from
each other and from caveolin-mediated endocytosis [24]. One way to distinguish
them is to determine their dependence on dynamin (which can be inhibited by
dynasore and other agents), cholesterol (which is inhibited by methyl beta cyclo-
dextrin and others) and other molecules essential to endocytosis. Inhibition of these
pathways by small molecule inhibitors is simple to implement, but suffers from
drawbacks due to the lack of their specificity for particular endocytic pathways [25].
An alternative approach is to measure the co-localization of nanoparticles with
labeled proteins specific to each endocytic pathway using confocal microscopy
[19]. This procedure is more expensive and time-consuming to implement. As a
result, it is not commonly used for studying nanoparticle-cellular interactions.
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2.3 Larger Particles Are Normally Taken
up by Micropinocytosis in Most Cancer Cells

Although the association of defined particle sizes with specific uptake mechanisms
has not been determined and is under heavy investigation, macropinocytosis is
presumed to be responsible for the uptake of particles larger than 200 nm diameter
in many cases. Unlike the mechanisms discussed earlier, the uptake of large vol-
umes is usually actin-dependent since large changes to the cell membrane are
required in order to engulf such particles. Macropinocytosis proceeds through the
formation of extensive membrane ruffles, which non-specifically engulf nanopar-
ticles and other entities [26]. This process requires both actin and cholesterol [12]
and is distinctly observed using electron microscopy. It was shown by Herd et al. to
be involved (along with phagocytosis) in the uptake of large silica particles
(>200 nm diameter) and also by Iverson et al. to be involved in the uptake of
ricinB-coated quantum dots (diameter of only 20 nm). These studies highlight the
lack of consensus in establishing strict size limits for endocytic mechanisms [27].
It is likely that size is only one factor in determining the uptake mechanism of
nanoparticles and the impact of other properties is still being evaluated.

2.4 Off-Target Accumulation of Nanoparticles Is Presumed
to Be Due to Phagocytosis

Phagocytosis is thought to be responsible for the receptor-mediated uptake of
particles larger than 500 nm in diameter, although strict size limits continue to be
debated. Physiologically, this mechanism is used predominantly by professional
phagocytes, which include monocytes, macrophages, neutrophils, dendritic cells,
and mast cells. These cells are responsible for the clearance of most types of
nanoparticles [28]. This mechanism is strictly receptor-mediated, but can be acti-
vated by opsonins bound to the nanoparticle surface that cause the phagocytes to
engulf diverse cargo. The normal mechanism is initiated by the clustering of
receptors induced by the binding of cargo to the cell surface. Endocytosis then
proceeds by engulfment mediated by the assembly of an actin skeleton [12]. Since
phagocytosis can operate on micron-sized particles, this process can be observed by
light microscopy on live cells. Visualizing cell and particle interaction directly,
Champion et al. showed that phagocytosis is sensitive to the curvature of the
particle at the point of first contact and that beyond a contact angle of 45°, it is
completely inhibited [8]. Phagocytosis can also be prevented by mimicking the
molecules present on normal cells. Since professional phagocytes avoid ingesting
healthy cells by recognizing molecular markers on their surface, such as CD47,
Rodriguez et al. synthesized a peptide to mimic this marker. This “self peptide”,
when functionalized on polystyrene nanoparticles improved their blood circulation
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half-life two-fold compared to nanoparticles functionalized with scrambled peptides
(30 min compared to 15 min) [29]. Strategies that reduce the phagocytic uptake of
nanoparticles may be key to reducing off-target accumulation of nanoparticles.

3 Contact with Blood/Serum

The rapid adsorption of proteins on the surface of nanoparticles occurs immediately
following their exposure to biological media [30]. This layer is referred to as the
protein corona and it can change the size, shape, surface characteristics, aggregation
state, and subsequent biological behaviors of the nanoparticles [31–33]. It is
important to understand the binding and activation of opsonins as these steps are
required for the receptor-mediated phagocytosis of nanoparticles by professional
phagocytes as discussed earlier. This binding and activation affects nanoparticle fate
in vivo. The influence of these proteins on mechanisms of off-target and on-target
uptake is explored in this section.

3.1 Adsorption of Serum Proteins Changes Fundamental
Nanoparticle Properties

Protein adsorption changes a broad range of fundamental nanoparticle properties.
For example, protein adsorption reduced the cytotoxicity of carbon nanotubes and
protected PEGylated quantum dots from the fluorescence quenching that normally
occurs in physiological buffers [34, 35]. Typically, the formation of the protein
corona increases the hydrodynamic diameter of nanoparticles by 3–35 nm and may
cause their aggregation into larger clusters (as shown in Fig. 2) [33, 36, 37].

Fig. 2 Since the adsorption of serum proteins occurs on the nanoparticle surface, all subsequent
surface-mediated interactions can be affected by the presence of these proteins. Reprinted with
permission from [36]. Copyright 2014 American Chemical Society
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In addition, they often display a slight negative charge (zeta potential between −7
and −25 mV), regardless of their original charge prior to their interaction with
serum [30]. Since the size, shape, and charge of nanoparticles are known to affect
the in vitro behavior of nanoparticles, the changes to these properties can drastically
change observed uptake patterns.

3.2 Serum Protein Adsorption on Nanoparticle Surface
Redirects Their Fate In Vitro

The clearest observed consequence of serum protein adsorption is the decreased
uptake of highly charged particles that is observed after exposure to serum or other
proteins [32, 33]. Cationic nanoparticles have been observed to have higher uptake
than anionic particles in general, and this effect is retained (although less prominent)
after their exposure to serum, even if both particle types have the same zeta potentials.
This suggests that the difference in uptake is mediated by the proteins present on the
surfaces of the nanoparticles [30]. Additionally, nanoparticles with targeting ligands
on their surface may lose their binding specificity when exposed to serum, presum-
ably due to competing mechanisms of uptake mediated by these serum proteins [38].
In fact, so many properties are modified by serum protein adsorption that the protein
corona has been shown to be more predictive of the observed cell uptake of nano-
particles than any other characteristic of the construct [32].

3.3 The Mechanisms Employed by Adsorbed Proteins
to Bind to the NP Surface and Redirect Their Fate Are
not Fully Understood

The presumed mechanism of off-target accumulation of nanoparticles is the coating
of their surface with opsonins, which mediate the uptake of these nanoparticles by
professional phagocytes. Over 100 different proteins have been identified that
adsorb onto nanoparticles following serum exposure, including well-known opso-
nins such as complement factors and immunoglobulins [39]. The mechanism
employed by these proteins to bind to the nanoparticle surface is not well-under-
stood except that charged and hydrophobic particles seem to accumulate more
proteins than neutral hydrophilic particles, particularly those coated with dense
layers of polyethylene glycol (PEG) [32]. The subtle changes in the nanoparticle
surface chemistry (varying types of anionic functional groups) dramatically change
the proteins that adsorb on their surface implying that these mechanisms may be
quite complex [32]. For example, the protein adsorption on DNA-coated gold
nanoparticles depends on the sequence of DNA displayed on the surface and its
secondary structure [40]. Given, this apparent selectivity and complexity, we need
to understand which proteins are involved in this process and how their binding can
be modulated to provide greater control of the interactions of nanoparticles with
cells after serum exposure.
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3.4 Surface Passivation Is the Predominant Strategy
to Reduce the Influence of Serum Protein Adsorption

Since the mechanisms of serum protein-mediated nanoparticle-cell interactions are
not well-understood, the predominant strategy for reducing these undesirable out-
comes has been to passivate the surface of nanoparticles with polyethylene glycol
(PEG) moieties [41]. Certain zwitterionic surface ligands are also purported to
reduce the binding of serum proteins, but more detailed experiments are required to
determine how this strategy compares to PEGylation [42]. Surface passivation
reduces both macrophage uptake and increases blood circulation half-life for a
variety of nanoparticle types [43–45]. In addition, the loss of specificity due to
serum protein adsorption and nanoparticle aggregation is also drastically reduced
with appropriate passivation of the surface with PEG [37, 46]. However, proteins
continue to adsorb on the nanoparticle surface even when the nanoparticle surface is
decorated with a very dense layer of PEG [43]. Further, these proteins significantly
affect the cell uptake of these particles [32]. Other limitations of PEG include the
difficulty of obtaining a high density of PEG on many particle types as well as the
fact that PEG increases the hydrodynamic size of nanoparticles which may make
the nanoparticle too large for some applications. Alternatives to PEG, including the
zwitterionic ligands discussed above, continue to be investigated for this purpose.

3.5 Serum Protein Adsorption Can Be Exploited to Create
Novel NPs

Despite the daunting complexity of the interactions of serum proteins with nano-
particles, some efforts have been made to exploit these interactions in order to
simplify the design of nanoparticles. Since the adsorption of proteins is essentially
inevitable, Prapainop et al. used a small molecule to induce the binding and mis-
folding of the protein apolipoprotein B to trigger the specific receptor-mediated
uptake of these particles in a macrophage cell line [47]. Although nanoparticles are
efficiently taken up by macrophages in the absence of specific targeting ligands, this
strategy has the potential to be a new direction for creating particles that are easier
to synthesize (due to the greater stability of small molecules compared to protein-
based targeting ligands) and that display specific targeting in the presence of serum
proteins. Hamad-Schifferli’s group has controlled the deposition of serum proteins
on gold nanorods to create agglomerate protein corona nanoparticles with high
payload capacities [48]. These particles were capable of encapsulating both small
molecules (Doxorubicin) and DNA that slowly leach over multiple days; the release
of such cargo can also be triggered using the near-IR excitation of the gold
nanorods. Unfortunately, both approaches are still preliminary, and it remains to be
seen if either strategy can be used for directing the specific uptake of nanoparticles
in tumors. This is likely to be the focus of future research.
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3.6 The Impact of Serum Protein Adsorption Needs Be
Acknowledged in Future Studies About Nanoparticle-
Cell Interactions

Despite the increased popularity of research on nanoparticle serum protein
adsorption in recent years, it remains unclear how this issue should be addressed.
New strategies, in addition to PEGylation, are needed to mitigate the effects of
serum protein adsorption on nanoparticle behavior. Nevertheless, the research
presented here can be applied in many studies involving nanoparticles. To begin
with, researchers should study the effects of nanoparticle-cell interactions in the
presence of serum since nanoparticle behavior is known to be dramatically altered
by serum protein adsorption [49]. Secondly, nanoparticles that undergo aggregation
or large changes in size and shape due to protein adsorption should be avoided in
place of more stable particles to improve the reproducibility of observed interac-
tions with cells. Lastly, a greater focus on exploiting the unique behavior of protein
adsorption and assembly on nanoparticle surfaces should be pursued since these
proteins likely mediate many of the interactions that nanoparticles experience.

4 Endocytosis Is Dependent on Nanoparticle
Properties

After entering blood circulation and interacting with serum proteins nanoparticles
are subject to two competing processes: clearance through renal or phagocytic
pathways and accumulation into the tumor microenvironment. Both processes occur
simultaneously and the overall biodistribution and pharmacokinetics observed for
nanoparticles is dependent on their relative rates. Although systemic factors, such as
the perfusion rate of the liver and kidneys compared to that of the tumors and the
leakiness of the tumor vasculature, play a major role in dictating these rates, the
focus of this chapter will be on cellular factors, specifically the rates of cell uptake in
cancer cells and macrophages. The dimensions of nanoparticles, in particular , play a
major role in determining their rate of uptake into cells as illustrated by Fig. 3.

4.1 Endocytosis of Nanoparticles into a Variety of Cancer
Cells Is Sensitive to Nanoparticle Size

Nanoparticle size determines the curvature of the contact surface between the
nanoparticle and the cell membrane and thus dictates the nature of the interaction
between these two species. Since membrane curvature has been shown to initiate
clathrin-mediated endocytosis as well as phagocytosis it is expected that cell uptake
would be dramatically affected by nanoparticle geometry [12, 14]. Indeed, for
polymer nanoparticles (PEG-acrylate derivatives) Gratton et al. showed that the
efficiency of uptake by HeLa cells (cervical adenocarcinoma) decreased as the
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particle diameters increased from 200 nm to 5 μm among particles with aspect
ratios of 1 [50]. Several groups also explored the uptake of spherical nanoparticles
smaller than 100 nm in diameter. Chithrani et al. showed that gold nanoparticles
*50 nm in diameter exhibited greater levels of uptake in HeLa cells than other
nanoparticles between 15 and 100 nm [51]. Lu et al. and Varela et al. also obtained
similar results using mesoporous silica nanoparticles (maximum uptake at 50 nm
diameter) and polystyrene nanoparticles (maximum uptake at 40 nm diameter)
despite employing varying cell types [52, 53]. Recently, some of these results have
been criticized because increasing particle size also favors sedimentation over
diffusion thereby increasing the uptake of gold particles that are 50 nm in diameter
or larger [54]. Sedimentation also affects polymer particles (PEG-diacrylate) but
becomes significant only for particles with diameters greater than 325 nm (disc
shaped with height of 100 nm) due to their reduced density compared to gold
nanoparticles [55]. Presumably sedimentation applies to many other particles and
may complicate the interpretation of current results but this has not been charac-
terized for most particle types. However, the overall trends observed across a
variety of particle types still suggest that particles with diameters around 40–50 nm
exhibit more rapid endocytosis than particles of other sizes.

4.2 Aspect Ratio Is also Important in Determining the Rate
of Endocytosis

The aspect ratios of nanoparticles also affect the contact areas between the particles
and the cells and therefore affect endocytic rates across a variety of particle types.
This was illustrated by Gratton et al., who observed higher uptake of polymer
nanorods with dimensions of 450 × 150 × 150 nm compared to particles with
dimensions of 200 × 200 × 200 nm in HeLa cells [50]. However, Agarwal et al.

Fig. 3 Effects of geometric parameters on the phagocytosis of polystyrene particles. Reproduced
with permission from [8]. Copyright (2006) National Academy of Sciences, U.S.A
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recently reported that polymer nanodiscs (PEG-diacrylate particles) [dimensions of
220 × 220 × 100 nm and 325 × 325 × 100 nm] were taken up faster than nanorods
of the same material [dimensions of 400 × 100 × 100 nm and 800 × 100 × 100 nm]
by HeLa, HEK293, HUVEC, and BMDC cells [55]. One difference between these
studies is that the surfaces of the nanoparticles used by Gratton et al. were positively
charged and charge also affects the interactions of nanoparticles with cells. To
address these concerns, more studies are needed to decouple the effects of aspect
ratio, particle size, core material composition, and surface capping ligands in order
to establish design parameters that can be employed to control the endocytic rates of
nanoparticles. These results will be promising since aspect ratio allows a second
degree of freedom (in addition to particle size) as a means to design nanoparticles
and manipulate their behavior in vivo.

4.3 Decorating the Nanoparticle Surface with Targeting
Ligands Improves Endocytic Specificity by Increasing
the Binding and Uptake of Nanoparticles
into Target Cells

Another major challenge to nanoparticle design for in vivo applications is to
manipulate the relative endocytic rates between cell types such that nanoparticle
accumulation occurs more rapidly in target cell types and more slowly in off-target
cell types. By decorating the nanoparticle surface with peptides, proteins, aptamers,
or small molecules that specifically bind target cell types, the binding affinity and
kinetics of binding of nanoparticles to the cell surface can be increased. Often, the
binding affinity of the nanoparticle exceeds that of the free ligand. Wiley et al.
modified the surface of gold nanoparticles with varying densities of transferrin and
observed that the dissociation constant (Kd) of the nanoparticle from Neuro2A cells
was between 4.9 and 0.014 nM, indicating that the nanoparticles bound these cells
much more strongly than free transferrin (Kd of 144 nM) or nanoparticles without
transferrin (Kd too large to measure reliably) [56]. Because this enhanced binding is
due to the multivalent interaction to multiple cellular ligands, such functionalization
may also directly trigger endocytosis by crosslinking surface ligands and initiating
the assembly of a clathrin pit [57, 58].

This increase in endocytic rates in target cells has also been shown to improve
the specificity of uptake. Gao et al. observed that the uptake of nanoparticles in U87
gliomablastoma cells doubled when PEG-polycaprolactone nanoparticles were
modified with IL-13 peptides (which are specific to U87 cells) while uptake in
RAW 264.7 (mouse macrophage) cells remained constant [13].

The binding to nanoparticles to cells through multiple ligands on the nanopar-
ticle surface can also affect the physiological function of the receptors and provide a
secondary means to achieve a therapeutic effect. In the case of ErbB2-positive
cancer cells, the function of the ErbB2 receptor is to dimerize and provide growth
signals that the cancer cell needs to survive and proliferate [59]. By decorating the
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surface of gold nanoparticles with Herceptin, Jiang et al. found that they could
down-regulate the expression of ErbB2 and trigger apoptosis in SK-BR-3 (breast
adenocarcinoma) cells [60]. This effect was greater for functionalized nanoparticles
than for free Herceptin and strongest for 40–50 nm diameter particles because of the
faster internalization of particles in that size range [60].

Although advantageous in the context of cancer therapy, targeting increases the
complexity of nanoparticle design and targeting specificity may be lost in physi-
ological environments. When exposed to serum, nanoparticles are non-specifically
coated with many serum proteins which may block the function of targeting ligands
[61]. As a result, Salvati et al. observed that nanoparticles capable of specific
targeting in serum-free conditions using transferrin did not display targeting
specificity after being incubated in serum [61]. This effect can be countered by
appropriate surface modification schemes, but at the expense of further compli-
cating the design of the nanoparticle [46].

5 Endosomal Escape Is a Limiting Factor for Delivering
Cargo to Specific Cell Compartments Using
Nanoparticles

Following endocytosis, many nanoparticles have been observed to accumulate in
endosomal compartments, where the nanoparticle and its contents may be degraded
before they can exert their therapeutic effect. In order to exert a therapeutic effect,
the nanoparticle or its cargo must enter other cellular compartments. This problem
also affects pathogens, such as the influenza virus, which have responded by
employing specific peptides that disrupt or fuse with the endosomal membrane and
deliver their cargo into the cellular cytoplasm. A schematic of how this may be
achieved with a nanoparticle system is shown in Fig. 4. Inspired by this design,
Plank et al. incorporated INF3D1, a peptide dimer construct from the influenza
virus, into a polylysine DNA nanoparticle and were able to increase transfection
efficiency of a plasmid construct by 5000 fold compared to bare constructs [62].
The improved transfection efficiency implied that the nanoparticle or its cargo (in
this case DNA sequences) was able to escape the endosomal compartment and
therefore could potentially reach other sites inside the cell. The endosome was
disrupted because this peptide dimer assembles into an elongated alpha-helical
construct in the acidic compartment of an endosome [62]. This assembly can be
achieved with purely synthetic peptides, which are also capable of disrupting en-
dosomes [63]. Hatakeyama et al. employed a synthetic peptide, known as “GALA”
due to the repeating unit of its protein sequence, to improve the transfection effi-
ciency of siRNA-containing liposomes [64]. In a manner similar to the influenza
peptide mentioned above, this peptide undergoes a conformational transition at pH
5.0 (the typical pH in late endosomes and lysosomes) to form an amphipathic alpha
helix that disrupts lipid bilayers and causes endosomes to leak. As a result,
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Hatakeyama et al. observed a 100-fold enhancement in the transfection efficiency
(quantified in this case as the expression of luciferase) of their liposomal constructs
after modifying them with GALA [64]. If similar techniques are employed for other
types of nanoparticles, dramatic improvements in their efficacy may also be
possible.

6 Exocytosis of Particles Affects Rates of Accumulation

Once nanoparticles are endocytosed into cancer cells or phagocytic cells, they can
release their cargo to exert a therapeutic effect. However, the strength of this effect
depends not only on the rate of endocytosis but also on the accumulation and
residence time of the nanoparticles inside cells. The accumulation of nanoparticles
inside cells at a given time depends on the relative rates of endocytosis and exo-
cytosis and therefore manipulating the rates of exocytosis offers another route for
optimizing the therapeutic effect of nanoparticles. For example, some particles are
efficiently endocytosed but they show poor accumulation inside cells due to rapid
exocytosis. Yanes et al. observed that 95 % of mesoporous silica nanoparticles were
exocytosed within 48 h from A549 (lung carcinoma) cells [65]. In addition the
cytotoxicity of these particles when loaded with camptothecin was improved when
exocytosis was inhibited suggesting that inhibition of exocytosis may be a viable

Fig. 4 Schematic of a nanoparticle system escaping the endosomal compartment (step 3) using a
fusogenic peptide before delivering cargo to the nucleus. Delivery of therapeutics to cell
compartments requires nanoparticles to first escape from endosomal processing before they can
exert other effects. Adapted by permission from Macmillan Publishers Ltd: Nature Materials [69],
copyright (2014)
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route for improving therapeutic response in vivo. Other cancer cell types had much
lower rates of exocytosis, for instance only 35 % of particles were exocytosed in
24 h for MDA-MB-435 (melanoma) compared to 95 % for A549 cells which may
explain the variable responses to nanoparticle therapy observed in mouse models
using different cell lines [65].

The rates of exocytosis are also dependent on particle size and surface chemistry.
Chithrani et al. observed that nanoparticle exocytosis reached 40 % for 14 nm
diameter transferrin coated-gold nanoparticles but only 10 % for 100 nm particles
with the same surface chemistry in HeLa cells (cervical adenocarcinoma) [66]. The
surface chemistry of nanoparticles also influenced their rate of exocytosis. Using
gold nanoparticles with anionic, cationic, zwitterionic, and PEG surface modifi-
cations, Park et al. observed that exocytosis rates were much lower for cationic
nanoparticles than PEG nanoparticles in human macrophages (obtained by differ-
entiating U937 cells) [37]. However, even PEGylated cationic nanoparticles dem-
onstrated different behavior depending on the type of cationic functional group
used. Kim et al. showed that particles with an aromatic surface functionality at the
end of a cationic PEG modification were exocytosed to a greater extent than
nanoparticles with an aliphatic surface functionality at the end of the same cationic
PEG structure [67]. This observation that minor changes in surface chemistry alter
the rates of exocytosis is reminiscent of the observations of the sensitivity of protein
adsorption to similarly subtle changes in the nanoparticle surface. These similarities
may be due to the effects of proteins in mediating exocytosis either through
manipulating cell response directly or inducing varying levels of aggregation that
radically alter the processing nanoparticles. As a result, a greater understanding of
how protein corona formation occurs may also provide a route to manipulating
exocytosis of nanoparticles and thereby improve therapeutic efficacy.

7 Conclusion

Due to the popularity of nanoparticle research, a variety of avenues have been
explored to improve the therapeutic effects of nanoparticles. This chapter describes
the lifecycle of an administered nanoparticle from the first serum interaction to cell
receptor binding, uptake, and exocytosis. Each step provides engineering oppor-
tunities and limitations for designing nanoparticles to target diseased cells. Strate-
gies are available that can improve nanoparticle targeting, but the strategies usually
require careful modification of the nanoparticle either by changing its size and
shape or by conjugating its surface with targeting ligands, endosomolytic agents or
other functional groups. However, this requires an increase in the design com-
plexity of the nanoparticles. The focus of future research should be to develop more
sophisticated particles that can incorporate a variety of design traits in order to
achieve dramatic improvements in nanoparticle targeting and therapeutics.
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Abstract

Intracellular delivery of functional proteins using nanoparticles can be a game-
changing approach for cancer therapy. However, cytosolic release of functional
protein is still a major challenge. In addition, formation of protein corona on the
surface of the nanoparticles can also alter the behavior of the nanoparticles.
Here, we will review recent strategies for protein delivery into the cell. Finally
we will discuss the issue of protein corona formation in light of nanoparticle-
protein interactions.
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1 Introduction

The interaction of proteins with nanomaterials is a double-edged sword. On one
hand, protein delivery is a potentially powerful strategy for the development of new
therapeutics. Concurrently, protein corona formation significantly alters the
behavior of nanomaterials in an often unpredictable fashion.

Protein delivery is a challenging goal that would open new pathways in cancer
therapy. Both in vitro and in vivo delivery would have important uses. In vitro, the
delivery of proteins into cells could be used as a potentially game-changing
approach to stimulate effective immune cells in immunotherapy applications [1].
The development of efficient in vivo protein delivery vectors would provide ther-
apeutic replacement tools to agonize or antagonize key intracellular pathways for of
cancer. To date, around 100 proteins, targeting a wide range of disease states
including cancer, have been found to be transported into cells in using various
animal models. Some of these protein systems have made it to clinical trials [2, 3].

Two key challenges exist in the delivery of proteins into cells. First, transporting
the protein into the cell in its active form presents a significant hurdle. This issue
can be addressed through protein conjugation and modification (e.g., with cell-
penetrating peptides). These strategies allow proteins to take advantage of native
cellular uptake processes, such as phagocytosis and endocytosis [4]. Transport into
the cell, however, is actually the lesser of the two challenges. Once inside the cell,
proteins are generally sequestered in vesicular entities (e.g., endosomes) after
internalization, preventing them from accessing the cytosol, where they can be most
effective [5]. Substantial progress has been made on both fronts; however, the
delivery of active proteins to the cytosol remains a major challenge.

Protein corona formation is the second area where understanding of nanoparti-
cle-protein interactions is essential. An accurate understanding of the structural and
dynamic properties of nanoparticle-protein interactions will allow us to better
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engineer systems that behave as desired in delivery processes. In particular, the use
of guided corona generation provides the potential to develop new targeting
strategies.

Taken together, it is essential to understand protein-nanoparticle interactions in
order to progress in the development of therapeutic systems. In this chapter, we will
start off by discussing the basics of nanoparticle-protein interactions, and then use
this understanding as a foundation for discussing recent research in this area.

2 Nanoparticle-Protein Interactions

Nanoparticles (NPs) have unique properties that can enable applications in diverse
fields, such as bio-imaging [6], delivery [7], and sensing [8]. The biological rec-
ognition properties of NPs are dependent on how they interface with biomolecules
(such as proteins) and their surroundings. Therefore, a basic knowledge of the
biological behavior of NPs is a prerequisite for their use. The tunability of the core
size and tailorability of the NP surface can facilitate the engineering of protein
interactions. NPs can display characteristic opto-electronic and magnetic properties,
whereas proteins have catalytic activity, recognition and inhibition [9].

The interactions between NPs and proteins are dependent on multiple parameters,
such as the sizes, shapes, charges, and chemical functionalities of these moieties.
These parameters regulate noncovalent interactions, such as van der Waals (vdw)
interactions, electrostatic interactions, hydrogen bonding (H-bond), hydrophobic
interactions, salt bridges, and π–π stacking interactions that lead to NP-protein
assembly [10]. The characteristics of these interactions are summarized in Table 1.

Clearly, it is important to develop a fundamental understanding of the thermo-
dynamic parameters behind NP-protein interactions. Isothermal titration calorimetry
(ITC) is a powerful tool for investigating the fundamental thermodynamics at the

Table 1 Characteristics of the various chemical interactions between NPs and proteins (reused
with permission from Ref. [10])

Forces Strength Range
(nm)*

Specificity Main factors

vdw forces Weak 0–10 No Interface complementarity

H-bond Moderate <0 Partial Hydrogen donor/acceptor at
interface

Electrostatic
forces

Moderate 0–10 No Charge state, ionic strength

Hydrophobic
interaction

Strong 0–10 Partial Hydrophobic surface

π–π stacking Strong 0–5 Yes Aromatic ring orientation

Salt bridge Strong <1 Yes Multiple recognition

*0 indicates direct atom contact (based on vdw radius)
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NP-protein interface. A model based on ITC results [11] describes the overall
complexation process between NPs and proteins using the following equations:

Proteinþ NP � Protein� NP ð1Þ

xH2Opþ yH2On � xþ y� zð ÞH2Op� nþ zH2O ð2Þ

Protein � xH2Opþ NP � yH2On � Protein� NP � xþ y� zð ÞH2Op� nþ zH2O

ð3Þ

Here, H2Op, H2On, and H2Op-n denote water molecules associated with the
protein, NP, and NP-protein complex, respectively. Equation 1 describes NP-pro-
tein complex formation, where the changes in enthalpy (ΔH) and entropy (ΔS) are
negative. Equation 2 refers to the solvent reorganization process involved in NP-
protein complexation, where ΔH > 0 and ΔS > 0. Depending on the contribution of
these two processes, the overall complexation (Eq. 3) of NP and protein can be
either endothermic (ΔH > 0 and ΔS > 0) or exothermic (ΔH < 0 and ΔS < 0).
Therefore, these results suggest that for NP-protein complexation, enthalpy and
entropy can be balanced to get a favorable free energy change (ΔG < 0). In the
following sections, we will discuss how NP-protein interactions can be tuned by
changing the chemical functionalities at the NP surface and how this affects the
structure and function of the proteins.

2.1 Reversible versus Irreversible Interactions

Proteins can either bind to NPs reversibly or irreversibly. While both modes of
interaction can alter protein structure and behavior, irreversible binding presents by
far a greater challenge in understanding and in functional applications of nanom-
aterials. In order to be functional, proteins must retain their structures and activities.
The denaturation of proteins on particle surfaces gives rise to a “hard” protein
corona that can dramatically alter particle behavior in vivo.

In early studies, anionic NPs were used to inhibit the enzymatic activity of
proteins, such as α-chymotrypsin (ChT) [12]. These NPs interacted electrostatically
through cationic patches at the active site of this protein. Enzymatic inhibition was
followed by slow irreversible denaturation of the secondary structure of the protein.
The structural denaturation of this protein was due to the interaction of the nonpolar
interior of the NP with the hydrophobic residues of ChT. Most applications of
protein-NP conjugates require retention of protein activity, making retention of
structure an important priority. The surfaces of NPs can be appropriately tailored to
prevent the structural denaturation of proteins. For instance, introduction of oligo
(ethylene glycol) (OEG) [13] functionality on the NP surface drastically reduces the
rate of denaturation of ChT.
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An interesting area of research in bioconjugate chemistry is the generation of
ensembles, where the collective properties of the conjugate structure differ from the
properties of the individual precursor components. Enzymatic inhibition of ChT by
anionic NPs arises not only from the blocking of the ChT active site by the NPs, but
also depends on the charge state of the substrate (Fig. 1). The interaction of ChT
with anionic NPs leads to the three-fold increase [12] in the catalytic activity of
ChT for cationic substrates, while reducing its activity by 50 and 95 % for neutral
and anionic substrates, respectively. This phenomenon of substrate selectivity can
be attributed to the unique electrostatic environment presented by the protein-NP
conjugate.

2.2 Structural Implications of Protein-Nanoparticle
Interactions. Nanoparticles Can Stabilize or Destabilize
Bound Proteins

The stability of NP-ChT complexes has been studied in greater detail using amino
acid-functionalized gold nanoparticles (AuNPs). The functionalization of amino
acids on AuNP surfaces provides direct access to biomimetic structural diversity.
To probe the interaction between ChT and amino acid functionalized AuNPs, ChT
catalyzed hydrolysis of N-succinyl-L-phenylalanine p-nitroanilide (SPNA) [14] was
first examined in the presence of different concentrations of NPs. All anionic amino
acid-functionalized AuNPs showed enzymatic inhibition (Fig. 2a), indicating that
complementary electrostatic interactions are essential for ChT-AuNP complex
formation. AuNPs with polar side chains, such as aspartic acid (Asp), glutamic acid
(Glu), and asparagine (Asn), inhibited ChT activity by *80 %, while NPs with
hydrophobic side chains inhibited ChT activity by *60 %. Presumably, the

Fig. 1 a The chemical structure of anionic amino acid-functionalized gold nanoparticles.
b Schematic representation of the interaction between negatively charged NPs and ChT,
illustrating the effect of the charge not only on the binding, but also on the regulation of the
enzymatic activity. c Generation rates for each substrate (S1 cationic, S2 neutral, and S3 anionic)
as evidence that the binding selectivity is due to electrostatic interactions (Reproduced with
permission from reference [12] © 2006 American Chemical Society)
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hydrophobic active site of ChT was more accessible to SPNA when the hydro-
phobic amino acids were present on the AuNP surface in comparison to when it was
surrounded by NPs bearing hydrophilic side chains. The binding constants of the
ChT-NP complexes were also dependent on the surface functionalization of the
NPs. NPs with hydrophilic side chains, such as Asp-NP, Glu-NP, Asn-NP, and Gln-
NP, showed a binding constant of 3 × 106 M−1, whereas Met-NP had a binding
constant of 1.3 × 107 M−1, proving that hydrophobic interactions assisted in ChT-
NP complex formation.

Another important concern that needs to be addressed is the influence of amino
acid-functionalized NPs on protein conformation. Circular dichroism (CD) and
fluorescence studies showed that NPs with hydrophobic side chains such as Phe-
NP, Leu-NP, Met-NP, Val-NP, and Ala-NP, had very little effect on the native
structure of ChT. On the other hand, NPs with hydrophilic side chains such as Gln-
NP, Asn-NP, Asp-NP, and Glu-NP, showed drastic change in the conformation of
ChT. As expected, Arg-NP had no effect on the native structure of ChT. These
observations strongly suggest that the carboxylate functional groups facilitated the
denaturation process. Competitive H-bonding interactions might destabilize the α-
helical structure of ChT leading to the disruption of its secondary structure.
Moreover, the above observation could be attributed to the fact that the hydroxide
ions in the dianionic side chains were involved in the breakage of the salt bridge
between the N-terminus of Ile16 and the Asp194 side chain. A plot of the dena-
turation rate constants of ChT with various NPs versus the hydrophobicity index of
amino acid side chains (Fig. 2b) showed that the dianionic side chains strongly
increased the rate of denaturation. The other side chains showed lesser, but still
evident, correlation between hydrophobicity and denaturation rate, indicating that
the hydrophobicity of the amino acid side chains on the NPs played a role in ChT
denaturation/stabilization.

Fig. 2 a Normalized activity of ChT (3.2 µM) with nanoparticles (0.8 µM) bearing various amino
acid side chains. b Correlation between the denaturation rate constants of ChT and the
hydrophobicity index of amino acid side chains in nanoparticles (Reproduced with permission
from reference [14] © 2006 American Chemical Society)
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On the contrary, functionalized NPs can also act as chaperones to refold dena-
tured proteins. Rotello et al. have used highly charged 2-(10-mercaptodecyl)ma-
lonic acid-functionalized AuNPs (AuDA) (Fig. 3a) [15] to fold thermally denatured
cationic proteins, such as ChT, papain and lysozyme. Thermal denaturation exposes
the hydrophobic internal core of these proteins. Upon application of AuDAs, NP-
protein complexes are formed via electrostatic interactions between the NP and the
positive residues of the protein. The high negative charge of the AuDA prevents
aggregation and thus facilitates refolding. After partial folding, proteins can be
released from the NPs by increasing the ionic strength of the solution; they then
self-fold into their native structures (Fig. 3b).

3 Delivery of Functional Proteins

Cells contain thousands of important proteins that participate in cellular functions
[16]. The malfunctioning proteins can induce diseases [17]; thus, protein therapy is
emerging as a promising approach to treat these illnesses. The success of this
approach is, however, hindered by biological barriers, including inefficient delivery,
endosomal entrapment, and proteolysis of proteins. One well-recognized strategy to

Fig. 3 a Schematic representation of the structure of AuDA and b the NP-mediated refolding of
proteins after thermal denaturation. c Space filling models showing the surface structures of the
three positively charged proteins used in the refolding study (Reproduced with permission from
reference [15] © 2008 The Royal Society of Chemistry)
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overcome these challenges is through the use of nanocarrier-based drug/biomole-
cule delivery systems. Nanocarriers can protect the drug/biomolecules against
degradation, control the pharmacokinetics/biodistribution of proteins for maxi-
mizing potency while minimizing attributed side effects, and enhance plasma half-
life, reducing the frequency of drug administration to enable higher patient com-
pliance [18]. An efficient nanocarrier for anticancer use has to pass several barriers,
including the clearance by the reticuloendothelial system (RES) [19] and the
crossing of the peritumoral endothelium [20] and the dense extracellular matrix
(ECM) that often exists in solid tumors [21]. A primary driving force in nanoscale
drug delivery is the enhanced permeability and retention (EPR) effect that relies on
the porous architecture and poor lymphatic drainage of tumor vasculature [22].
Several years of research on nanoparticulate drug delivery systems have helped
scientists to ascertain several design criteria that can be used to improve the
functionality of NPs in vivo. Smaller NPs (>100 nm) are less likely to be engulfed
by RES cells. Furthermore, hydrophilic polymers, such as poly(ethylene glycol)
(PEG), when grafted to the surface of NPs, will increase circulation times leading to
higher targeting capabilities of nanocarriers. To further increase the targeting
capability of NPs, vector molecules (e.g., antibodies, aptamers, and small ligands)
can be attached to their surface. It is noteworthy that tumors are composed of a
heterogeneous population of multiple cancer cells [23]. Thus, multifunctional
nanotherapeutics should be designed to target multiple cell lines in parallel.

Recent advances in peptide/protein drug development in cancer research include
the introduction of antigens as cancer vaccines (e.g., PROVENGE is the first FDA-
approved cancer vaccine for the prevention of prostate cancer) [24] and the
application of cytokines, such as interferons (IFN)-β1a, IFN-α2a, granulocyte
colony stimulating factor (GCSF), tumor necrosis factor(TNF)-α, and interleukins
(ILs), along with small molecule drugs for the clinical treatment of cancer. Most
importantly, monoclonal antibodies kill cancer cells by antibody-dependent, cell-
mediated cytotoxicity and many are under consideration in clinical trials for the
targeted therapy of breast, lung, colorectal, gastric, and brain solid tumors, meta-
static events, and hematological malignancies. Indeed, several antibodies have
already found their way into the clinic. Obviously, devising ways to specifically
deliver such molecules to certain targets within the human body is an emerging area
of research in NP-mediated drug delivery.

3.1 In Vitro

Specific nanomaterials, such as liposomes, polymeric systems, and even biomimetic
particles have been proposed for the intracellular delivery of proteins for cancer
therapeutics. However, the delivery of proteins using these vectors can be limited
by instability and alteration of protein activity.
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3.1.1 Inorganic NPs
Nanoparticles (NPs) have been widely considered for protein delivery applications.
For instance, Ghosh et al. [25] have prepared gold NPs coated with short peptides,
which effectively noncovalently complexed and delivered active anionic proteins
(e.g., β-galactosidase) into a variety of cell lines (COS-1 (monkey kidney cells),
MCF7 (human breast cancer cells), and even hard-to-transfect muscle cells
(C2C12)). The engineered gold NPs were composed of interior alkyl chains for
promoting core stability, a corona of tetraethylene glycol (TEG) for the prevention
of denaturation and nonspecific interactions with biomolecules, and external argi-
nine-rich peptide-tags working as a recognition unit. The authors hypothesized that
the release of β-galactosidase from the particles was mediated by glutathione, which
is present in the intracellular environment.

3.1.2 Nanocapsules
Hollow nanocarriers (e.g., nanocapsules and nanoliposomes) can provide more
efficient systems for protein delivery applications due to their enhanced payload
capacity. Besides protection against degradation by pH and light, hollow nano-
carriers can also help reduce tissue irritation and provide more controllable tar-
geting release of therapeutic agents. Tang et al. [7] fabricated nanocapsules for the
delivery of functional proteins and enzymes to the cytoplasm. The functional
proteins were incorporated in a capsule shell. The effectiveness of these capsules in
the cytoplasmic delivery of proteins was confirmed by the delivery of fully func-
tional caspase-3 to HeLa cells (Fig. 4) with concomitant apoptosis.

In another study, Yan et al. [26] produced nanocapsules composed of a protein
core (e.g., green fluorescent protein (EGFP), horseradish peroxidase (HRP), bovine
serum albumin (BSA), superoxide dismutase (SOD) and caspase-3), and a thin
permeable polymeric shell anchored covalently to the protein core. The pH sensi-
tive shell of the nanocapsules enabled controlled delivery of the proteins at specific
pH values. The size, surface charge, and degradability of the nanocapsules could be
tuned by varying the composition of the core, the nature of the crosslinkers as well
as the type of employed monomers in construction of the shell. While non-
degradable capsules showed long-term stability, the degradable ones released their
ingredients inside the cells after breaking their shells. This system was shown to
deliver multiple proteins to cells in a nontoxic and highly efficient manner, mainly
through the caveolae-mediated endocytosis pathway. The cell transduction effi-
ciency of nanocapsules containing EGFP in HeLa was 2–3 times higher than that of
TAT–EGFP fusion proteins or antennapedia–EGFP conjugates. Thus, depending
on the type of employed core proteins, nanocapsules may be suitable for a variety of
biomedical applications, such as cellular imaging, cancer therapies, and anti-aging
solutions. For example, the combination of indole-3-acetic acid (IAA) and HRP
was recently proposed as a potential prodrug for the treatment of cancer [27]. This
prodrug works via the HRP-mediated conversion of IAA into a free radical inter-
mediate, which finally results in the induction of apoptosis in mammalian cells [28].
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Only nanoencapsulated HRP, and not the native HRP, could decrease cell viability
with increasing IAA concentration.

Yeh et al. [29] synthesized multifunctional NP-stabilized capsules consisting of
fluorescent polyhistidine-tagged proteins attached to CdSe/ZnS core–shell quantum
dots through metal-affinity coordination. This negatively charged complex could
interact with cationic gold NPs, which are anchored to the fatty acid core through
guanidinium–carboxylate interactions. This lipophilic core functions as a reservoir
for endosome-disrupting agents. The self-assembled system features stimuli-
responsive delivery of multiple proteins into cell cytosol combined with FRET-
based fluorescence tracking of cytosolic and vesicular distribution (see Fig. 5).

Fig. 4 A A schematic representation of the intracellular delivery of GFP and caspase-3 (CASP3)
using nanoparticle-stabilized capsules (NPSCs). B Confocal images showing GFP delivery into
HeLa cells by NPSCs (Scale bars: 20 μm). C Delivery of caspase-3 into HeLa cells. Cells were
incubated for 1 h with (a) CASP3-NPSC, (b) NPSC without CASP3, and (c) only CASP3 without
NPSC. Subsequently, cells were stained using Yopro-1 (green fluorescence) and 7-AAD (red
fluorescence) for 30 min, and the overlapped images are presented as apoptotic. (d) Apoptosis
ratios of the cells after CASP3 delivery (Scale bars: 100 μm). The error bars represent the standard
deviations of three parallel measurements (Reproduced with permission from reference [7] © 2013
American Chemical Society)
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3.1.3 Liposomes
Liposomes, another class of hollow nanocarriers, are vesicle-like structures that can
retain therapeutics either in their hydrophilic core or their hydrophobic lipidic layers
[30]. In the context of cancer (besides the well-known small molecule Doxil
liposomal formulation), liposomes have been widely employed for delivery of
various biomolecules, including IL-1, IL-2, IL-6, granulocyte-moncyte colony
stimulating factor (GM-CSF), INF-γ [31], and granulocyte colony stimulating
factor (GCSF) [32]. Liposomal encapsulation increases the protein half-life and

Fig. 5 a Dihydrolipoic acid-functionalized CdSe/ZnS core–shell quantum dots (QD_DHLA) and
hexahistidine-tagged (His6-tagged) mCherry were conjugated by the reserved metal-affinity
coordination using histidine as competitive molecules. b Fabrication of the template droplets by
agitation of AuNP_HKRK (AuNPs functionalized with peptide (histidine-lysine-arginine-lysine))
and oil (linoleic acid (LA) and decanoic acid (DA)) in 5 mM phosphate buffer (pH 7.4). Then, the
prepared template droplets were introduced into an AuNP_HKRK solution and crosslinked by
anionic QD–mCherry conjugates to form NPSC_QD–mCherry (Reproduced with permission from
reference [29] © 2014 Wiley-VCH Verlag GmbH & Co.)
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enables the sustained release of encapsulants. For instance, insulin and peptides,
such as leuprolide, enkephalin, and octreotide encapsulated in DepoFoam mul-
tivesicular liposomes were released at a controlled rate over a period from a few
days to several weeks [33]. Liguori et al. [34] formulated pro-apoptotic membrane
proteins (containing the voltage-dependent anion channel (VDAC) and pro-apop-
totic Bak) into natural proteoliposomes to examine growth inhibitory effects in
human colorectal carcinoma cells. The recombinant proteins were integrated into
the lipidic bilayer of the liposomes. The induction of apoptosis was detected after a
24 h incubation period, which was accompanied by cytochrome c release and
activation of caspases-3, -7, and -9 together with poly ADP ribose polymerase
(PARP). The VDAC regulates the release of cytochrome c from mitochondria and
Bak controls the permeability of mitochondrial membrane upon activation. The
uptake of recombinant proteoliposomes by mammalian cells induces apoptosis by
release of cytochrome c and activation of caspases. Gao et al. [35] formulated
Pseudomonas exotoxin-based immunotoxins (PE38KDEL) into PEGylated anti-
HER2 Fab´-functionalized liposomes, which showed promising results in the
treatment of HER2-overexpressing breast cancers in vitro.

3.1.4 Polymeric Nanocarriers
Polymeric systems also have some applications in the field of drug delivery to
cancer. 250 nm poly(γ-glutamic acid)-based NPs were used as protein carriers to
deliver tumor vaccines, antigenic proteins, to antigen-presenting cells [36]. The
ultimate goal of immunotherapy is to fight cancer through amplification of tumor
immunity. With such a strategy, the immune system can distinguish the cells which
express the tumor-associated antigens (TAAs) from normal cells. However, in this
regard, TAA-specific cytotoxic T lymphocytes must be stimulated by the efficient
delivery of TAA to antigen-presenting cells. Since antigen presenting cells only
incorporate particles with a size range of 50–3 μm [37], nanoparticles can be useful
for delivery of TAAs. The poly(γ-glutamic acid) NPs fabricated in this study had
higher protein entrapment efficiency of 55–60 %. The NPs were shown to effec-
tively deliver the encapsulated antigenic proteins inside the dendritic cells through
cytosolic translocation from the endosomes and the ovalbumin (OVA) antigen was
processed into epitope peptides and was subsequently presented via MHC mole-
cules [36]. The authors investigated the inhibitory effects of NP/OVA in the lung
metastasis of B16-OVA tumors expressing OVA as a TAA. Triplicate immuniza-
tion with this formulation decreased the number of lung metastasis nodules in mice
even more than Freund’s complete adjuvant/OVA vaccine. Since poly(γ-glutamic
acid) NPs are relatively stable in vivo, they could be used as controlled release
systems of entrapped proteins. Authors also further analyzed the effect of entrap-
ment process on the activity of catalase as a model protein. It was shown that
entrapped catalase retains more than 90 % of its enzymatic activity [36].
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3.1.5 Biomimetic Particles
Virus-like particles (VLPs) provide biogenic vectors for delivery. Kaczmarczyka
et al. [38] used VLPs derived from an avian retrovirus for delivery of proteins to
different target cells. The VLPs can be used to deliver proteins either as part of Gag
fusion proteins (for intracellular delivery) or on the surface of VLPs. Since avian
retroviruses do not replicate in human cells, the safety of this system for use in
human applications is potentially high. VLPs containing Gag-Cre recombinase,
Gag-Fcy:Fur, and Gag-human caspase-8 were synthesized. The authors success-
fully delivered caspase-8 to PC3 cells. Furthermore, in addition to the cellular
delivery of proteins, in the same study, it was shown that murine IFN-γ and human
TNF-related, apoptosis-inducing ligand (TRAIL) could be displayed on the surface
of VLPs, and subsequently, these modified VLPs could activate the appropriate
cellular receptors on the surface of cell membranes (in a mouse macrophage cell
line developed from a C57BL/6 mouse that expresses IFN-γ receptor and PC3 cells,
respectively).

3.2 In Vivo

Many proteins are believed to be promising candidates for cancer therapy; however,
their clinical application is hampered by their removal through RES organs (spleen,
lymph nodes, and liver) [19], their degradation by proteases [39], and their distri-
bution and accumulation in non-target organs [40]. Furthermore, since high con-
centrations of particular proteins must be used due to the non-targeted nature of the
therapy, the incidence of systemic side effects could be high. Nanoparticulate drug
delivery systems could thus reduce the concentration of the drug required for
clinical efficacy.

3.2.1 Inorganic NPs
TNF-α [41] was shown to cause hemorrhagic necrosis of solid tumors. Such a
surprising finding led scientists to rapidly develop TNF-α for clinical testing;
however, studies were discontinued due to some life-threatening toxicity observed
in patients. Similar side effects were also later reported for other cytokines. Further
attempts to localize the delivery of TNF to solid tumors, by surgical procedures,
which could significantly improve its therapeutic index [42, 43], showed that by
confining the therapy to the intended target, one may actually increase the efficacy
and reduce the side effects associated with this therapy.

In later studies, Paciotti et al. [44], developed 26 nm colloidal gold NPs, on
which CYT-6091, a multivalent drug, was mounted and meant to deliver TNF to its
target. In this system, TNF was bound to PEGylated gold NPs. TNF not only has
antitumor activity per se, but also functions as a targeting moiety and directs the
NPs to MC-38 solid tumors (seven–ten-fold increase in targeting efficiency). A
mere 7.5 mg of this formulation was shown to be as effective as 15 mg of native
TNF. Furthermore, in mice receiving native TNF, the mortality rates were 33 and
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15 % (with 15 and 7.5 mg, respectively); none of the animals receiving CYT-6091
died.

To enhance the antitumor efficacy of CYT-6091, which is a single agent therapy,
the same authors later designed the CYT-21001 vector, which delivers TNF and
paclitaxel simultaneously to the solid tumors [45]. The results of a phase I clinical
trial of CYT-6091, consisting of TNF-α covalently linked to PEGylated colloidal
gold NPs were published in 2009 [46]. The intravenously (IV) injected formulation
has proven to be safe in 29 patients with solid tumors, and it showed a prolonged
half-life compared to the native TNF-α and trafficking of the attached protein to the
tumor, as assessed by electron microscopy in tumor biopsies.

Brinas et al. [47] have recently produced 3–5 nm gold NPs that were subse-
quently coated with two tumor-associated glycopeptide antigens (mucin (MUC4)
and the Thomsen-Friedenreich antigen). The third coating agent was composed of a
28-residue peptide from the complement-derived protein C3d which functioned as a
B-cell activating adjuvant. The immunization of mice with this vaccine led to the
production of both IgM and IgG in the serum, showing the potential of this system
in designing vaccines using TAAs.

3.2.2 Liposomes
Liposomes show high promise for in vivo applications. For instance, liposomes
have been used for the cytosolic delivery of exogenous soluble protein antigens into
antigen-presenting cells [48]. In this method, which adopts a cytosol-invading
listerial for endosomal escape, listeriolysin O (which is a pore-forming protein that
contributes to Listeria monocytogenes escape from the endosome into the cytosol)
is co-encapsulated inside liposomes with OVA. Immunization of mice with this
construct stimulated the activity of OVA-specific cytotoxic T lymphocytes and
increased antigenic peptide-specific cytotoxic T lymphocyte precursor frequency.
Overall, vaccination conferred protection to mice from lethal challenges with
antigen-expressing tumor cells. The same group later demonstrated killing of B16
melanoma cells by listeriolysin O-liposome-mediated delivery of the protein toxin,
gelonin. Gelonin is capable of enzymatically inactivating ribosomes and arresting
protein synthesis in cancerous cells [49]. While the liposomal formulation had an
IC50 of 0.1 nM with an incubation time of only 1 h, the free gelonin or listeriolysin-
free formulation led to no detectable cytotoxicity. Direct intratumoral injection into
mice bearing subcutaneous (SC) solid B16 melanoma showed that the listeriolysin
O-liposomes were more effective than control formulations in restraining tumor
growth.

Cruz et al. [50, 51] showed the enhanced survival of animals bearing PI534
tumors upon treatment with asparginase-encapsulated liposomes. Furthermore, a
reduced occurrence of neutralizing antibodies was noted. Further studies by the
same group demonstrated the superior efficacy of liposomal IL-2 over free IL-2 in
inhibition of experimental M5076 metastases in mice [52]. In another study, lip-
osomes harboring unmethylated cytosine-phosphorothioate-guanine containing
oligodeoxynucleotides co-encapsulated with OVA were shown to inhibit the tumor
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growth and to completely cure *50 % of OVA-expressing EG-7 tumor-bearing
C57BL/6 mice upon intradermal inoculation [53].

A preclinical study demonstrated that VacciMax® (a vaccine composed of
liposomes encapsulating human papilloma virus (HPV) 16 E7-derived cytotoxic T
lymphocyte epitope fused to the T helper epitope PADRE and combined with CpG
or lipopeptide adjuvant) could protect C57BL/6 mice against post-tumor challenge
with HPV 16-expressing C3 tumor cells [54]. Neelapu et al. [55] incorporated a
TAA, the idiotype of the Ig on B-cell malignancy in dimyristoylphosphatidylcho-
line lipid liposomes containing IL-2 as an adjuvant and the vaccine was shown to
protect mice against lymphoma in preclinical studies. Later, the same group tested
the safety and immunogenicity of the vaccine in 10 patients with advanced-stage
follicular lymphoma [56]. The liposomal cancer vaccine proved to be safe and
induced, sustained antitumor immune response through tumor-specific CD4+ and
CD8+ T-cells in patients. After 50 months follow-up, 6 of the 10 patients were
reported to remain in continuous first complete remission.

Broekhoven et al. [54] constructed B16-OVA-derived plasma membrane vesi-
cles containing a new metal-chelating lipid, 3(nitrilotriacetic acid)-ditetradecyl-
amine, which was used to engraft the recombinant single chain antibody fragments
(ScFvs) to the dendritic cell surface molecules CD11c and DEC-205 onto the
vesicle surface. The formulation was shown to stimulate strong B16-OVA-specific
cytotoxic T lymphocyte responses in splenic T cells and to protect syngeneic mice
against tumor growth.

3.2.3 Polymeric Nanocarriers
Polymeric systems are among the most extensively used platforms for protein
therapy. For example, RGD peptide-loaded glycol chitosan NPs modified with 5β-
cholanic acid were shown to possess antiangiogenic and antitumoral efficacy against
solid tumors in mice upon IV injection or intratumoral administration [57].

Lim et al. [58] employed a formulation containing PEGylated heparin, TRAIL,
and poly-L-lysine to increase its short biological half-life, improve its inherent
instability, and eliminate its potential hepatotoxicity. IV injection of NPs in HCT-
116 tumor-bearing BALB/c athymic mice efficiently suppressed tumor growth
(>70 %) and induced significant tumor cell apoptosis without inducing liver
toxicity.

PE38KDEL or fusion protein truncated Pseudomonas Exotoxin A has been used
to prepare immunotoxin with monoclonal antibodies. Gao et al. [59] fabricated
PE38KDEL-I-loaded poly(lactic-co-glycolic acid) (PLGA) NPs conjugated with F
(ab’) fragments of a humanized SM5-1 monoclonal antibody (PE-NP-S). After
binding to SM5-1 binding protein-expressing hepatocellular carcinoma cell lines,
PE-NP-S was internalized by these cells, and induced significant cytotoxicity.
Further, in vivo studies on SM5-1 binding protein-overexpressing tumor xenograft
model demonstrated that administration of the formulation significantly suppressed
tumor development and even induced tumor regression. Due to the increased cancer
therapeutic efficacy compared to older counterparts of the drug as well as reduced
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nonspecific toxicity and immunogenicity, this formulation might be a promising
modality for cancer therapy.

Other studies have also revealed that poly(methoxypolyethyleneglycol cyano-
acrylate–co-n-hexadecylcyanoacrylate) NPs could enhance the half-life of TNF-α in
tumor bearing mice along with the targeting efficiency and antitumor potency [60].
The increased antitumor activity might arise from the higher accumulation of
nanotherapeutics in tumor tissues and longer plasma circulation time.

4 The Protein Corona

As discussed in the introduction, protein-particle interactions that generate the
protein corona are an important general issue in therapeutic delivery. Plasma pro-
teins play crucial roles in blood, and they are found at high concentrations in the
bloodstream. The layer of proteins that instantaneously covers NP surfaces when
NPs enter biological fluids (e.g., blood, plasma, cell culture media, and intracellular
environment) is called the protein corona. Even NPs functionalized with vector
proteins (not considered as a corona) would pick up an additional layer of corona
proteins upon entrance to a biological fluid. Protein coronas have the capability to
significantly affect the biokinetics and in vivo fate of NPs. The adsorption of
proteins lends a new bio-identity to NP surfaces, influencing their biological
interactions. NP size [61], NP shape [62], and several surface characteristics,
including the presence of surface functional groups [63], surface topography,
uniformity, roughness [64], and surface hydrophobicity/hydrophilicity, [65–67]
influence the nature of proteins adsorbed in the protein corona. Furthermore,
interaction temperature [63, 68], NP dispersal environment [69], protein source
[70], incubation time with protein source [71], concentration of protein source
(proteome variability) [71–73], and gradient concentration [74] can also influence
the corona composition. In turn, depending on the nature and amount of specific
proteins adsorbed, NP biokinetics and their fate will be different. The adsorption of
proteins to the surfaces mainly stems from the increase in the total entropy of the
proteins on the surface as well as the nonspecific interactions between the proteins
and NP surface [75]. While proteins with isoelectric points (pI) < 5.5 primarily bind
to NPs with basic surfaces, those with pI > 5.5 are bound to NPs with acidic
surfaces [76]. However, it is noteworthy that the adsorption of proteins to some
surfaces might also be specific. For example, in the case of spherical nucleic acids,
different sequences lead to formation of coronas with different compositions and
this subsequently affects the level of cellular uptake [77]. The characterization of
corona composition and its evolution in biological systems has been challenging
due to the enormous complexity of the proteins and their interactions on NP sur-
faces [78].
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4.1 “Hard” Versus “Soft” Corona

The protein corona is a protein layer on the surface of the NPs and can be differ-
entiated into “soft” and “hard” varieties [78]. For “soft coronas”, an exchange of
biomacromolecules from the surrounding medium and the NP surface provides a
dynamic structure. “Hard coronas” consist of macromolecules fixed to NP surfaces
in a static fashion, generally involving extensive protein denaturation. The volatility
of the proteins in the “soft corona” complicates detailed investigation, thus more
studies have focused on materials with hard coronas [78]. Lundquist and co-
workers [79] found that for a fixed material type, the biological activity of the
proteins in the corona is strongly determined by the size as well as the zeta-potential
of the NPs. Furthermore, the adsorption of blood serum proteins onto NPs is time
dependent [80]: Proteins with the highest mobility are bound to the surface first and
later they are replaced by less motile proteins, which show a higher affinity for the
surface. It is believed that this process can take several hours as Casals et al. [71]
confirmed. A “soft corona” loosely attached to the NP surface changes to an irre-
versibly attached “hard corona” over time. However, very recent reports reveal that
“hard coronas” can form within less than a minute with no further compositional
change [61]. It is noteworthy that differing reports might be due to the recently
discovered “personalized protein corona” effect [81]. More specifically, changes in
plasma composition in response to health conditions and diseases may lead to
formation of different protein coronas on identical NPs in different individuals. It
was shown that some proteins specifically appear or disappear in the hard protein
coronas of identical NPs in different diseases. [81] Therefore, differences in pro-
teome composition should also be taken into account in interpretation of results.

4.2 The Role of Protein Coronas in Delivery

The adsorption of proteins to NP surfaces has the ability to alter NP biokinetics and
fate (Fig. 6). While the adsorption and enrichment of opsonin proteins, such as
fibrinogen, immunoglobulins (Igs), and complement proteins, promotes NP
phagocytosis by specialized immune cells (e.g., macrophages and phagocytic cells,
such as hepatic Kupffer cells [82–85]), the adsorption of dysopsonin proteins, such
as albumin and apolipoproteins (Apo), results in longer circulation times [86–89].
Fibrinogen, a glycoprotein involved in the coagulation process, binds to foreign
surfaces and elicits the subsequent attachment of immune cells, such as monocytes,
macrophages, and neutrophils. Through binding to CD11/CD18 on phagocytes,
fibrinogen enhances phagocytosis [90, 91]. Furthermore, the complement C3 pro-
tein promotes the attachment of neutrophils to the NP surface [92]. Therefore, it
might be hypothesized that, depending on the degree of binding, specific proteins
might direct NPs to specific cells. For example, the binding of complement protein
C3 and IgG to lecithin-coated polystyrene NPs influences NP uptake by murine
Kupffer cells [82].

Engineering the Nanoparticle-Protein Interface … 261



The formation of protein coronas has introduced complications in the field of
drug delivery. Tandia et al. [93] have studied how human plasma proteins bind to
cationic lipid DNA complexes and affect their transfection efficiencies. The
adsorption of plasma proteins blocks the electrostatic interactions between
3-tetradecylamino-N-tertbutyl-N’-tetradecylpropionamidine (diC14-Amidine)/prot-
amine/pCMV-luc complexes and the cell surface and brings about a decrease in
cellular uptake and subsequent transfection efficiency. Apart from reduction of
uptake rate, other corona-mediated phenomena are observed. For example, the
protein corona formed on multifunctionalized colloidal mesoporous silica NPs
hampers the release of camptothecin from the pores of NPs [94]. Moreover, the
authors showed the possibility that certain biomolecules, which are present at the NP
dispersal medium, can be loaded into the internal hydrophobic space in mesoporous
silica NPs and, along with the NPs, be internalized into the living cells in an artificial
manner [94].

Fig. 6 The protein corona effects: 1 the physiochemical properties and stability of NPs, 2 NP
targeting efficiency, 3 NP uptake and internalization, 4 NP distribution, trafficking and persistence
within cells, 5 NP toxicity and biocompatibility, and 6 NP pharmacokinetics (not shown in this
picture)
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4.3 Challenges Generated by Corona Proteins

The protein corona impacts the cellular interactions of NPs, especially their uptake
rate. Various reports indicate that the cellular uptake of NPs is considerably higher
in serum-free conditions compared to the cell media containing serum complement.
More specifically, serum-derived coronas have been shown to reduce the uptake of
a variety of NPs including those composed of gold [67], silica [95], FePt [96],
carbon [97], Fe3O4 [98] and polystyrene [83, 99]. Cell-NP interactions are
complicated, but relatively nonspecific phenomenon (i.e., uptake strongly depends
on the amount of adsorbed proteins and their exposure sites rather than the
exclusive presence of a certain protein within the corona). However, the adsorption
of a specific protein, in some cases, can favor the uptake of a specific NP by cells
through a certain route of entry. The adsorption of lung surfactant protein A on
magnetite NPs enhances their uptake by macrophages compared to BSA-precoated
NPs [100]. Furthermore, the presence of albumin on the surface of polystyrene NPs
is required for caveolae-mediated endocytosis by living endothelial cells [101]. In
one study, Lunov et al. [83] demonstrated that the uptake of NH2-polystyrene NPs
by macrophages changes from clathrin-mediated endocytosis to phagocytosis when
protein-free medium is replaced with serum-enriched medium. In addition, DC-
Chol–DOPE/DNA lipoplexes exhibit an unusual increase in plasmid transfection
efficiency in serum [102]. The rich protein corona layer formed on lipoplexes in
serum, lowers the interbilayer electrostatic repulsions between cationic lipoplexes,
and promotes lipoplex aggregation. This increase in size switches the internaliza-
tion mode from a clathrin-dependent to caveolae-mediated pathway, boosting
transfection efficiency.

Drug delivery systems are often modified with functional moieties (small mol-
ecule ligands, such as folate, peptides, monoclonal antibodies, or antibody frag-
ments) that are designed to recognize and target specific cells. However, protein
coronas may significantly reduce the targeting efficiency of nanocarriers by
blocking/masking the functional targeting moieties. Studies have shown that the
targeting ability of functionalized NPs may be lost when they are exposed to a
biological environment containing proteins. For example, Pitek et al. [103] dis-
covered that a large decrease in the ability of carboxylated transferrin-coated NPs to
detect transferrin occurs when they are incubated in plasma. Salvati et al. [104]
attached transferrin molecules by a thiol–PEG linker to fluorescent PEG-modified
silica NPs. In this study, more than 100 NPs, under various coupling conditions and
with different PEG lengths, were tested to find the optimal PEG chain length for
transferrin-mediated uptake of NPs. With an increase in the concentration of serum,
NP-transferrin receptor interactions and NP uptake through the transferrin receptor
decreased and eventually became negligible. Similar results also confirmed that loss
of targeting happens in human serum. Using a click chemistry-based approach,
Mirshafiee et al. [105] designed an experiment to demonstrate that the protein
corona can limit the access of the targeting ligand on the NP surface (see Fig. 7).
For this purpose, a copper-free click reaction was used as a model targeting reaction
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that was designed to take place between NPs functionalized with bicyclononyne
(BCN) and an azide on a silicon substrate. Subsequently, the authors evaluated
whether the presence of protein corona (in medium with 10 and 100 % serum)
inhibited the conjugation of BCN-NP to the azide-functionalized silicon substrates.
While a high number of pristine BCN-NPs were attached to the substrate, only a
few NPs incubated in serum-containing media were conjugated to the substrate.

4.4 Opportunities Provided by Protein Corona

Given that formation of a protein corona around NPs is inevitable in vivo, a
paradigm shift toward rational exploitation of protein corona for drug delivery and
targeting has been proposed [106, 107]. In the context of the protein corona, three

Fig. 7 a A copper-free click reaction between BCN and azide-functionalized groups at the surface
of NPs and silicon substrates, respectively). b A simplified schematic showing the shielding effect
of the protein corona. c SEM images of the azide-terminated silicon substrates after incubation
with (a and b) pristine BCN-functionalized NPs, c 10 % serum corona BCN-NPs, and d 100 %
serum corona BCN-NPs. d Fluorescence microscopy images of the incubated silicon substrates
(5 mm by 5 mm) with pristine BCN-NPs and those coated with a protein corona (a pristine BCN-
NPs to the azide-free substrate; b pristine BCN-NPs with the azide-functionalized substrate;
c 10 % and d 100 % corona BCN-NPs with the azide-functionalized substrates; arrows designate
individual NPs) (Reproduced with permission from reference [105] © 2013 The Royal Society of
Chemistry)
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modalities might be pursued: (i) surface engineering of NPs to create corona-free
NPs [108], (ii) exploiting protein corona for drug loading and release, and (iii)
exploiting the formed protein corona itself for delivery and targeting. In the first
category, a routine strategy is to coat NPs with hydrophilic polymers, such as PEG,
which lend non-fouling capabilities to NPs and reduce interactions with proteins
[89]. Another strategy is to incorporate zwitterionic functionalities, such as amino
acids and polybetaines, onto the NP surface. For instance, in a recent study,
Moyano et al. [108] fabricated a series of zwitterionic non-fouling 2 nm gold core
NPs of varying hydrophobicities that do not adsorb proteins when exposed to serum
proteins at moderate concentrations and are devoid of hard coronas at physiological
serum concentrations.

A few recent studies have focused on the exploitation of the protein corona
around NPs for drug loading and release. Recently, Kah et al. [109] used the
coronas of serum proteins on cetyltrimethylammonium bromide (CTAB)-coated
gold nanorods for holding small molecular therapeutics (see Fig. 8). The capacity of
this sponge-like reservoir for the storage of small molecules is approximately 5–10
times more than that accessed through covalent conjugation. Interestingly, the
coronas were shown to hold both negatively charged (DNA oligonucleotide) and
positively charged (doxorubicin) molecules. The capacity of the payload is dictated
by the assembly strategy, ionic strength, and loading concentration. The payload
release can be triggered by heat or through ultrafast laser excitation of the nanorods
at their longitudinal surface plasmon resonance (light-triggered release). The
coronas have an acceptable stabilizing effect on the nanorods in both buffer and
biological environments, but leakage of therapeutic molecules from the corona
remains an issue. In a similar study, authors showed that, with manipulation of the
protein corona composition on NPs, the passive release rate of the DNA payload
could be controlled [110]. The coronas were formed in human serum around gold
nanorods, nanobones, and carbon nanotubes (CNTs). Tuning the amount of human
serum albumin (HSA) in the nanorod coronas was shown to change the payload
release profile.

Fig. 8 The protein corona
can be used to hold small and
supramolecular therapeutics
for subsequent release in drug
delivery applications
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The third goal of actively exploiting corona formation can be coupled with
properties of NPs to open up the possibilities for novel futuristic applications. This
theory has been established on using the corona proteins to target specific cellular
targets or receptors. For such a strategy to work, several prerequisites must first be
fulfilled: (i) the qualitative and quantitative assessment of the composition of the
protein corona that forms around specific NPs with specific surfaces, (ii) the
identification of the proteins with the highest abundance and/or the highest affinity
to each NP surface, and (iii) the determination of which plasma proteins can be used
to deliver a certain NP to a certain cell or tissue in vivo.

Some plasma proteins (associated in the corona composition) have the capability
to direct NPs to specific target organs. For example, transferrin can enhance NP
uptake in various cell lines, including wild-type rat 9L gliosarcoma cells, breast
carcinoma cell lines BT20, MCF7, BT549, and HBL100, and the non-tumorigenic
cell line MCF10A by a transferrin receptor-mediated process [111]. Transferrin is a
plasma glycoprotein, which transports iron and binds to the Tf-receptor (TfR) in the
iron-bound form, activating receptor mediated endocytosis. Since cancer cells have
a higher iron demand than normal cells, transferrin conjugation or absorption
enhances NP uptake in cancer cells with TfR receptor overexpression [112].

ApoA-I is a major component of high density lipoprotein (HDL) [113], which
can be adsorbed to the surfaces of most hydrophobic NPs of different sizes [65,
114] through its flexible hind region [115]. ApoA-I binds to low density lipoprotein
(LDL) receptors and interacts with scavenger receptors (class B type I (SR-BI)) in
the brain [116], particularly in the brain capillary endothelial cells [117, 118]. This
receptor mediates the transfer between very low density lipoproteins (VLDL), LDL,
and HDL and cells [119]. Thus, NPs that enrich ApoA-I have a high chance of
engaging in transcytosis across the blood–brain barrier (BBB) and delivering their
cargo to neurons. Moreover, these NPs may also be able to target other cells with
high expression of SR-BI, such as the PC3 prostate carcinoma cell line. Further-
more, SR-BI is expressed in the liver and steroidogenic glands, intestine, and
placenta, and in cells such as macrophages and endothelial cells [119]. Another
receptor for ApoA-I is cubilin (vitamin B12 receptor), which mediates the endo-
cytosis of HDL [120, 121]. Cubilin is expressed in the proximal tubule in kidney
and in epithelial cells in yolk sac and intestine [122, 123]. Therefore, such NPs
might also be used for drug delivery applications in organs and cells rich in SR-BI
or the cubilin receptor.

5 Conclusions

Taken together, protein-nanoparticle interactions, including corona formation, must
be understood if such conjugates are to be utilized in protein delivery applications
for cancer research and treatment. The ability to create nanosystems that interact
predictably with proteins opens doors for the development of protein delivery
applications with the potential to revolutionize therapeutics. This insight can guide
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us in generating more efficient delivery vectors by tailoring the properties of the
protein corona. Our expectation is that continued research on both the fundamental
and applied aspects of protein-particle interactions will enable many novel bio-
medical applications in the future.
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Abstract

Nanoparticle properties such as size, shape, deformability, and surface chemistry
all play a role in nanomedicine drug delivery in cancer. While many studies
address the behavior of particle systems in a biological setting, revealing how
these properties work together presents unique challenges on the nanoscale.
“Calibration-quality” control over such properties is needed to draw adequate
conclusions that are independent of parameter variability. Furthermore, active
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targeting and drug loading strategies introduce even greater complexities via
their potential to alter particle pharmacokinetics. Ultimately, the investigation
and optimization of particle properties should be carried out in the appropriate
preclinical tumor model. In doing so, translational efficacy improves as clinical
tumor properties increase. Looking forward, the field of nanomedicine will
continue to have significant clinical impacts as the capabilities of nanoparticulate
drug delivery are further enhanced.
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1 Introduction

The utilization of nanocarriers for the delivery of therapeutics has led to a signif-
icant decrease in the toxicity of chemotherapeutics and point to the potential of
nanoparticle-based therapies to improve cancer treatment. Unlike small molecule
drugs which distribute nonspecifically throughout the body, nanoparticles remain in
the blood stream and can passively accumulate within tumors through the enhanced
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permeability and retention (EPR) effect [1, 2]. Tumors are characterized by
permeable and unorganized vasculature, lack of functional lymphatics, and elevated
interstitial fluid pressure (IFP), illustrated in Fig. 1 [3, 4]. The high permeability of
the tumor vasculature allows macromolecules and nanoparticles to enter the tumor,
while the lack of effective lymphatic drainage and elevated IFP prevents them from
being removed. It is important to note that there is significant heterogeneity in the
EPR as a function of tumor size, type, and location [5]. Regardless of the hetero-
geneity, in order to capitalize on the EPR effect, a nanoparticle therapeutic needs to
stay in circulation long enough to accumulate within the tumor, which, depending
on tumor type, can range from hours to days.

In general, upon injection, nanoparticles can become coated with plasma proteins
(opsonization), which mark them for rapid clearance by the mononuclear phagocyte
system (MPS); the MPS is comprised of bone marrow progenitors, blood mono-
cytes, and tissue macrophages (residing in both the liver and spleen) [6]. Since
extended blood retention goes hand-in-hand with tumor accumulation, much
research has been devoted to the development of “stealthy” long-circulating nano-
particles that avoid the MPS. To that end, there is a general set of guidelines for
engineering long-circulating particles, which is depicted in Fig. 2. Briefly, particles
should be either neutral or negatively charged, within a hydrodynamic diameter size
range of 8–200 nm, and surface coated with a stealthing agent, such as polyetheylene
glycol (PEG) [7]. Other particle parameters, such as shape and modulus, can also
greatly influence the circulation profiles of nanomaterials [8–10], and other particle
attributes can have highly variable effects. Targeting moieties and therapeutic cargo
can alter in vivo behavior, including serum-biomolecule interactions, pharmacoki-
netic (PK) profiles, and biodistribution [11–13]. Inherent in the variability of all
these properties is an optimal combination that may depend on the platform or
fabrication technology. The interplay between particle parameters is further

Fig. 1 Illustration of the EPR effect depicting the discontinuous epithelium lining blood vessel
walls of a tumor with concurrent poor lymphatic drainage compared to normal tissue.
Nanoparticles can passively accumulate via gaps in blood vessels supplying tumor tissue.
Adapted with permission from Ref. [4] Copyright (2007) Nature Publishing Group
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complicated in a biological setting, where the interaction between a nanoparticle and
the immune system adds a significant layer of complexity. Ultimately, anecdotal
evidence is not sufficient to predict the behavior of a given nanoparticle with
complete confidence. Consequently, to increase the chance of successful translation,
preclinical efforts should seek to understand particle behavior in the most relevant
animal model available; traditional efficacy and toxicity assays should also be used.

While many studies have investigated the behavior of particle systems in bio-
logical settings, revealing how particle properties work together presents unique
challenges on the nanoscale. The major roadblock to reveal this interdependence is
the previous lack of a suitable particle fabrication technique. Further, most studies
on nanoparticles have focused on spherical shapes, due to their accessibility and
narrow size distribution; such particles can be obtained by fabrication methods,
such as dispersion, emulsion, and suspension polymerization [8, 14]. However,
these systems lack sufficient control over size and shape. Particle replication in
nonwetting templates (PRINT®) is one molding technique that allows for fabrica-
tion of “calibration quality” micro- and nanoparticles with independent control over
their physical parameters (e.g., size, shape, surface chemistry, and modulus) [15].
The PRINT process is a continuous particle fabrication technology (Fig. 3) that
begins by casting a film of pre-particle solution (this can vary from thermoplastic to
thermoset materials) onto a high-surface energy delivery sheet (Fig. 3a), which is
then laminated to the low-surface energy mold through a pressurized nip (Fig. 3b).
Consequently, a reversible seal is formed between the mold and the substrate,
allowing the liquid to be either confined to the cavities in the mold or forced out due
to the low-surface energy of the interfacial area. Delamination of the mold from the
delivery sheet results in PPS confined within the mold cavities, while excess PPS
remains on the delivery sheet (Fig. 3c) The PRINT particles are then harvested from

Fig. 2 Qualitative trends in biological behavior and in vivo biocompatibility of nanoparticles
based on their physical characteristics. Particles with neutral or negative surface charge, between 8
and 200 nm in size, and hydrophilic (well-dispersed) properties tend to promote enhanced
permeation and retention (EPR) effects. Adapted with permission from Ref. [7], Copyright (2009)
Nature Publishing Group
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Fig. 3 Scale-up of the PRINT process to a roll-to-roll machine. PET and mold webs were
mounted on the left side of the machine (unwind side), and threaded through various flexible unit
operations before collecting on the right side (rewind side). a Film casting was achieved by corona
treatment of the PET delivery sheet followed by film deposition by continuous dispensing of pre-
particle solution (PPS) via a syringe pump behind a mayer rod. b Mold filling was accomplished
by laminating the mold to the delivery sheet using a pressurized nip (heated for thermoplastics).
The mold is then separated from the delivery sheet upon exiting the nip and the particles are
formed within the mold either by c curing the PPS with a UV-LED oven (for thermosets) or by
cooling the filled mold to room temperature (for thermoplastics)

Fig. 4 Scanning electron micrographs of PRINT particles fabricated from a 80 nm × 180 nm,
b 80 nm × 320 nm, c 80 nm × 2000 nm, and d 80 nm × 5000 nm molds. Scale bar represents
a 1 μm, b 3 μm, c and d 5 μm. Figure adapted with permission from Ref. [10], Copyright (2012)
American Chemical Society
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the mold as isolated, “scum-free” objects as depicted in Fig. 4. In this chapter, we
will focus on the use of “calibration-quality” nanotools, such as PRINT-based
particles, for studying the effect of various particle parameters—size, shape,
modulus, drug loading, and surface chemistry—on the biodistribution, clearance,
and delivery of therapeutics.

2 Size/Shape

Engineering a long-circulating nanoparticle for therapeutic delivery is absolutely
paramount for tumor accumulation. In order to harness the EPR effect, particles
need to stay in circulation long enough to passively accumulate at the target site
(tumor) and then release their cargo. Size and shape are key parameters in designing
a long-circulating particle. Much work has been done to lay the foundation for the
appropriate particle size ranges; [16, 17] however, the body of work that has
explored the effect of particle shape is smaller due to the limited availability of
techniques to produce nonspherical particles. The recent advances in nanoparticle
synthesis and fabrication technologies resulting in shape specific particles have
started to elucidate the influence that particle shape can have over circulation
profiles, biodistribution, and cellular entry kinetics once the particle has reached its
target site [8, 18–25].

In terms of the particle circulation profiles, margination (defined as the move-
ment of particles in flow toward the walls of the blood vessel) enhances the particles
chances to extravasate through the leaky tumor vasculature and enter the tumor.
Work—both empirical and theoretical—has been conducted in this area, comparing
margination rates of spherical and nonspherical micro- and nanoparticles [20, 22,
26, 27]. In general, nonspherical particles with higher aspect ratios marginate more
readily than spherical particles. Furthermore, high-aspect ratio particles were found
to reduce macrophage uptake in vitro [19, 28, 29] translating to decreased liver and
splenic filtration and increased circulation persistence of high-aspect ratio particles
as compared to spherical particles [23, 28, 30].

To be effective, nanotherapeutics must avoid clearance by the liver, spleen, and
macrophages. Once long circulation is achieved, particles need to accumulate at the
target site. The passive accumulation of nanoparticles within tumors is contingent
on their ability to extravasate through the leaky tumor vasculature, which is highly
variable across tumor models. Even with this high degree of heterogeneity, there is
a general consensus across literature that decreasing nanoparticle size can improve
transport within tumors; [31–33] however, there is limited data concerning non-
spherical particles. Recent work comparing nanospheres to nanorods of equivalent
hydrodynamic size concluded that the nanorods could penetrate tumors four times
as rapidly as nanospheres [34]. After particles have extravasated into the tumor bed,
they then need to deliver their therapeutic cargo. Depending on the therapeutic, this
may occur via extracellular or intracellular means (or a combination of both).
If intracellular delivery is necessary, particle internalization can be enhanced
either by modifying particle shape or incorporating active targeting to encourage
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receptor-mediated endocytosis (a topic discussed in a later section). Studies have
shown that shape plays an important role in the way cells interact with particles. We
have demonstrated that higher aspect ratio particles enhanced HeLa cell uptake
kinetics in vitro [24], thus making it more likely for rod-shaped particles to be
internalized by target cells.

Additionally, increasing the aspect ratio of the nanoparticle from 1 to 2.5
resulted in the more efficient delivery of chemotherapeutics to tumors. We evalu-
ated the delivery properties of 200 nm × 200 nm and 80 nm × 320 nm PRINT poly
(lactic-co-glycolic) acid (PLGA) nanoparticles loaded with similar concentrations
of docetaxel [35]. Not surprisingly, both PRINT nanotherapeutics outperformed the
small molecule clinical control, Taxotere. However, the higher aspect ratio
80 nm × 320 nm particles exhibited better PK profiles than the 200 nm × 200 nm
particles [35]. Specifically, the rod-like particles exhibited enhanced blood and
tumor retention with lower splenic and liver accumulation. This is translated to
successful efficacy studies using the 80 nm × 320 nm geometry [36].

Studies by Discher and colleagues also clearly demonstrated the therapeutic
benefits of using nonspherical drug delivery vehicles. They concluded that flexible,
worm-like nanocarriers were more effective than spherical particles at delivering
drugs and reducing tumor volume [37]. Work by Sailor et al. revealed similar
results with spherical and high-aspect ratio magnetic particles and concluded that,
when only one dimension was elongated, the size of the particles could be increased
without sacrificing circulation times [38]. It is important to note that as aspect ratio
increases, deformability becomes a crucial parameter to effectively navigate the
biological barriers within the body [10, 14].

3 Modulus/Mechanical Properties

It is well documented that particles with a hydrodynamic diameter between 8 and
200 nm are large enough to avoid renal filtration and small enough to avoid liver
and splenic filtration [7]. In addition to size and shape, the modulus of particles
plays a role in their ability to avoid mechanical filtration by the liver and spleen, and
has the ability to circumvent size limitations above the 200 nm cutoff. For instance,
red blood cells are approximately 8 µm in diameter and, due to their extraordinary
deformability, they can pass through splenic slits 2–3 µm in width [39]. However,
as the red blood cells age and become stiffer, they can no longer deform and are
removed from the blood stream by the spleen. We have developed polymeric,
micron-sized, PRINT-based red blood cell mimics (RBCMs), whose mechanical
properties can be controlled based upon their cross-link densities [40]. The bio-
distribution and circulation profiles of these particles were evaluated in vivo, and
the results showed that the softer RBCMs were able to circulate longer than their
stiffer counterparts [40]. Furthermore, at the nanoscale, we observed that PRINT-
based, polymeric, 80 nm × 5000 nm filamentous particles that were fabricated with
lower cross-link density were able to extravasate through 200 nm porous
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membranes that mimicked the pores found in the liver and spleen, whereas stiffer
particles were unable to efficiently extravasate [10]. Extravasation of shorter fila-
mentous particles (80 nm × 320 nm, and 80 nm × 180 nm) through the 200 nm
porous membranes was independent of modulus [10].

Shaoyi Jiang’s lab reached similar conclusions in their investigations of the
modulus of long-circulating zwitterionic spherical nanoparticles. Spherical particles
(d = 250 nm) with a range of cross-link densities were fabricated and were passed
through 220 nm porous membranes [41]. While all the “soft” particles were able to
pass through the filter, the majority of the “hard” particles (with the highest cross-
link densities) were stopped by the filter [41]. These trends were also predictive of
in vivo particle behavior. As the cross-linker density of the particle was decreased,
splenic accumulation was minimized, resulting in extended circulation persistence
[41]. With a better understanding of the relevant particle parameters necessary for
extending particle circulation, the focus shifts to drug loading and release.

4 Drug Loading/Drug Release Rates

Promising drug candidates are often hydrophobic compounds with poor aqueous
solubility. To increase their solubility, they are typically formulated in mixtures of
low molecular weight surfactants and organic solvents, which have their own
nonspecific toxicity. Particulate formulations of these drugs can not only eliminate
the necessity of organic solvents and surfactants, but can also alter the pharma-
cokinetics of the delivered therapeutic. Since small molecule drugs can extravasate
through the tight endothelial junctions lining the blood vessel walls, they can freely
permeate throughout the body, interacting with both healthy and diseased tissue
indiscriminately and resulting in dose-limiting systemic toxicities. Formulating
these drugs within a nanoparticle can keep the drug within the blood compartment
(reducing the volume of distribution and interactions with healthy tissues) and
allow a greater portion of the injected dose to potentially reach the target cancer
cells. Maintaining controlled release of the drug from the nanotherapeutic platform
is also crucial for improved efficacy and reduced toxicity. Ideally, the carrier should
allow minimal premature release of drug before it reaches the intended site, but
sufficient release after it reaches the target. Drug release from the particle carrier can
be dictated by particle erosion and diffusion (as with biodegradable particle
matrices) or by external (including light, ultrasound, and magnetic fields) or
physiological (pH gradients and redox states) stimuli [42–46].

Biodegradable PLGA (poly lactic-co-glycolic acid), a thermoplastic material, is
one example of a noncovalent entrapment system that is commonly used in
nanoformulations [47]. For this particle matrix, generally hydrophobic drugs are
noncovalently loaded by physical entrapment or weak intermolecular interactions,
and release rates are based upon drug loading, matrix degradation, and passive
diffusion. Typically, these particles suffer from an immediate burst release, followed
by sustained drug release [47]. Polymer or lipid coatings can be used to overcome
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this burst release profile. Sethi et al. utilized a cross-linkable lipid shell to decrease
the release rate of wortmannin and docetaxel from PLGA particles [48]. The slower
release rate translated to enhanced efficacy; while nanoparticles without a cross-
linked lipid shell showed no benefit over the free drug [48].

Another method to alter drug release from the particle is to modify the drugs’
affinity to the particle matrix. This can be done through a prodrug approach. Pro-
drugs are derivatives of drugs that undergo stimuli responsive triggering to release
the active drug, offering protection from inactivation and toxic side effects [49].
Using this approach, docetaxel was lipidated through an acid-sensitive, silyl ether
linkage and encapsulated within a PRINT-based PLGA nanoparticle (PRINT-C2),
depicted in Fig. 5a [50]. The addition of the lipid tale enabled drug release to be
extended from 24 h (for the unmodified drug) to 96 h (Fig. 5c). Furthermore, once
the prodrug was released from the particles, it underwent complete conversion to
the active form of the drug in plasma after 24 h. PK analysis showed that the
PRINT-C2 nanoparticle had greater persistence in the plasma than both PRINT-
docetaxel and Taxotere, and this can most likely be attributed to the slower release
rate from the nanoparticle. A significant finding of this study was that the prodrug
preferentially converted to the active drug in the tumor, most likely due to the acidic
nature of the tumor tissue as compared to healthy tissue [51]. This adds another
layer of control for mitigating unwanted side effects.

Fig. 5 Prodrug approaches for incorporating drugs into nanoparticles. Two types of silyl ether
prodrugs, a small molecule monofunctional silyl ether and b polymeric asymmetric bifunctional
silyl ether prodrug, for encapsulation into PRINT PLGA or PEG hydrogel particles, respectively.
c Release kinetics of PLGA particles loaded with unmodified Docetaxel (DTXL-NP) or
monfunctional silyl ether prodrugs with R equal to ethyl (C2-NP) or octyl (C8-NP). d Release
kinetics of hydrogel particles loaded with bifunctional silyl ether Gemcitabine, with either to ethyl,
isopropyl, or t-butyl R groups. Figures adapted with permission from Refs. [50] and [52],
Copyright (2012 and 2014) American Chemical Society
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Encapsulation, however, is poorly suited to intrinsically porous lowly cross-
linked hydrogel particles. For drugs that are difficult to retain in these types of
particles we have developed a silyl ether-based prodrug approach that utilizes
covalent linkages, depicted in Fig. 5b [52]. The prodrug contains an acrylate group
and can therefore be directly polymerized into thermoset particles. The drug release
kinetics were found to be pH dependent, and the rates could be controlled by the
bulkiness of the silicon substituents (Fig. 5d). In vitro experiments demonstrated
that particles could be fabricated to release drugs, such as gemcitabine and cam-
ptothecin, with comparable toxicities to the free drug. Using a similar approach,
Wang et al., developed a pH sensitive gemcitabine-poly(methyl methacrylate)
prodrug (GEM-PMAA), which self-assembles in water to form nanoparticles [53].
Drug release rates were found to be pH dependent and in vivo assessment proved
that the particles could efficiently inhibit tumor growth and alleviate drug-associ-
ated side effects [53]. Drug release from these pH responsive linkers can occur in
the acidic conditions of the tumor tissue or intracellular compartments. If intra-
cellular delivery is necessary, nanocarriers can be modified with targeting ligands to
improve cellular internalization.

5 Surface Functionalization for Passive and Active
Targeting

Current methods of nanoparticle delivery to tumors are based mainly upon either
passive or active targeting. Passively targeted particles are typically surface func-
tionalized with stealthing agents, to allow for long circulation and thus accumu-
lation through the EPR effect. Actively targeted particles are modified with
targeting ligands used to recognize overexpressed receptors on the tumor cell
surface. For either delivery mechanism, a common feature is that the nanoparticles
in the bloodstream must first marginate and then extravasate into the interstitium of
the tumor. Passive targeting relies heavily on extending particle circulation half-life,
thus increasing their chances of reaching their target site. This is commonly
achieved by conjugating, grafting, or adsorbing polyethylene glycol (PEG) to the
surface of nanoparticles (PEGylation). Altogether, effects of PEGylation are highly
dependent on two interrelated parameters: the molecular weight (MW) and surface
density of the PEG coating. In general, PEG ranging from 2 to 10 k displays
adequate resistance to protein adsorption and subsequent phagocytic uptake [54].
The density of PEG necessary to promote protein resistance and extend blood
circulation varies drastically for different nanoparticle types. Generally, metallic and
other highly immunogenic particle types require significantly greater surface PEG
densities as compared to more inert matrices [55]. We have demonstrated that our
cross-linked PEG matrix required a much lower surface density of PEG (less than
0.1 PEG molecules per nm2) to enhance protein resistance and extend circulation
half-life (from 0.89 to 19.5 h) [55]. Other polymers for surface passivation, such as
zwitterionic coatings and sugar-based moieties, have shown promise [56, 57].
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While passivation remains the most utilized surface modification, active targeting
has become a fixture in particle platforms. The “holy grail” in drug delivery is to
create a system that can be used to deliver a highly potent therapeutic to the
diseased, cancerous tissue, while completely eliminating exposure to off-target,
healthy cells [58]. To achieve targeted drug delivery, nanoparticles can be coated
with ligands that bind specifically to particular overexpressed receptors on the
diseased cell surface. Commonly targeted receptors implicated in various cancers
include the epidermal growth factor receptor (EGFR), the vascular endothelial
growth factor (VEGF), and the human epidermal growth factor receptor (HER-2, in
the EGFR family), to name only a few [11, 59]. By designing a drug carrier that
targets these receptors, preferential cell interactions can occur with the diseased
tissue, leading to reduced exposure in healthy tissue. In reality, off-targeting
remains since target-receptor expression in healthy cells persists, albeit to a lesser
extent.

The diversity of targeting agents is just as expansive as the receptors they are
directed toward. A myriad of ligand classes have been developed; antibodies, af-
fibodies (small, single-domain proteins with high affinity and specificity for target),
small molecules, peptides, and aptamers are just a sampling that have been coupled
to particle platforms with varying levels of success [12, 59, 60]. Functionalizing
particles with an active ligand is not a trivial matter. Dramatic shifts in PK profile,
biodistribution, and efficacy are routinely observed, and as with PEGylation, the
surface density of targeting ligands plays a role in these systematic changes [60,
61]. Wang et al. discovered unprecedented toxicity toward Ramos cells with
otherwise inert transferrin-targeted PRINT particles [62]. In these studies, the cel-
lular toxicity increased as a function of transferrin surface density, a commonly
used targeting ligand that does not innately kill cells. These researchers found that
while enhancing the multivalency, binding affinity associated with multiple ligand-
receptor binding sites, unprecedented cell death occurred for reasons not completely
understood [62].

Other research has revealed that along with ligand density, the shape of the
particle can also influence targeting avidity as shown in Fig. 6. As mentioned in
previous sections, a particle’s shape can greatly affect its ability to marginate to the
vascular surface and extravasate into the tumor bed. Theoretical work by Decuzzi
and Ferrari et al. concluded that rod-shaped particles have higher adhesion/contact
probability than spherical particles [63]. Further results from a computational model
created by Liu et al., showed an increase in binding probability with increasing
aspect ratio [64, 65]. Confirming these theoretical finds, Mitragotri reported that
rod-shaped particles exhibit higher avidity and selectivity toward their target than
their spherical counterparts in vivo [66]. Similarly, Sailor and colleagues showed
that targeted nanoworms had enhanced multivalent interactions with cell receptors,
which amplified their passive accumulation in vivo over spherical nanoparticle
controls [38].

It is clear that the scientific community has done a remarkable job utilizing
nanoparticles and specific particle parameters to improve drug safety and efficacy.
Also, having the greatest flexibility to engineer, design, and exquisitely control the
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physiochemical properties of the particle is essential in order to manipulate the
biophysiochemical barriers that dictate the performance/behavior of particles in a
biological system. Continued funding (both public and private) of nanomedicine
research will allow the community to build upon “lessons learned”, focus on
essential parameters, and investigate/identify the next parameter(s) deemed neces-
sary to ultimately manufacture a new class of nanotherapeutics.

6 Looking Forward

The world’s first nanomedicine, Doxil, was approved by the US FDA in 1995 for
treating Kaposi’s sarcoma, a cancer often associated with AIDS. Doxil—a liposome
encapsulating doxorubicin—was a relatively simplistic nanomedicine, yet was
undeniably a breakthrough [67]. In recent years, enormous advances have been
made in fundamental research involving novel methods and techniques for batch
and continuous processes, leading to the formation of complex nanosystems.
Currently, nanomedicines advancing into the clinic are becoming much more
“engineered” in that surface functionalization incorporating stealthing agents and
targeting ligands are utilized to evade the immune system and enhance specificity,
respectively. A challenge facing the design of a nanoparticle delivery vehicle is
incorporating elegance and yet minimizing complexity for potential translation to
the clinic. Often early design parameters are efficacious in vitro and/or in vivo, but
the capability to translate clinically is limited. A significant reason behind this
limitation is poor understanding of which tumor models are clinically relevant—and
of these, which are likely to respond to a nanomedicine.

Fig. 6 Particle shape and linker length play a role in the targeting ability of nanoparticles. Figures
adapted with permission from Ref. [25], Copyright (2014) Future Medicine
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The majority of preclinical research utilizes xenograft models, generated by
implanting a well-established monoclonal tumor cell line into immunocompromised
mice. Alternatively, patient-derived xenografts (PDX) offer more relevance, since
tumor fragments are directly transplanted from patients into immunocompromised
mice. PDX models can accurately imitate the heterogeneity of the human tumor that
is not always evident in cell line-based xenografts. The major limitations of these
explant models are their inability to fully replicate the complex relationship
between the tumor and its microenvironment. To bridge this gap, genetically
engineered mouse models (GEMMs), are often used for recapitulating the genetics
and heterogeneity of human tumors [68–70]. However, these models are costly and
require a long time for tumors to form. Another option is the allograft model which
gives the genetic relevance of GEMMs and the research utility of xenografts.
Considering the variability of current preclinical tumor and mouse models, research
effort is warranted for identifying the appropriate preclinical platform to capitalize
on the benefits of a nanoparticle-based delivery system. Correlating preclinical
results with positive clinical responses will aid in determining which tumor char-
acteristics will be amenable to effective treatment with nanoparticle therapies. In
addition to clinical translatability of the disease, it is essential that the nanofabri-
cation system is easily manufactured at clinically relevant scales.

The successful scale-up and manufacturing of a nanomedicine presents unique
challenges in pharmaceutical development. Since most nanoparticles are complex
multicomponent products that require specific arrangement of the components, a
full understanding of each component and their interactions is essential to define the
key characteristics of the final product. Developing methods to monitor these
interactions throughout critical process steps and develop or optimize analytical
characterization techniques that ensure reproducibility of the product must be
addressed. Furthermore, it is of paramount importance that the structural integrity
and physicochemical properties of nanoparticles be preserved throughout the for-
mulation process to the finished product. Therefore, during early development,
intentional effort to assembly interdisciplinary scientific teams that engage expertise
from a variety of disciplines and specialties (i.e., Material Science, Engineering,
Medicine, Biology, Chemistry, and the Pharmaceutical Sciences) is essential in
addressing quality, efficiency, scalability, reliability, safety, and affordability issues
that are relevant to nanomanufacturing.

The path to approval for any new small molecule drug involves significant time
and enormous costs. Due to the complexity and multicomponent nature of nan-
omedicines, additional variables may substantially increase the level of difficulty in
controlling production and performance of the nanomedicine, which add to the time
and cost for final health agency approval. Additionally, genetic variability among
the patient population may further segment responsive subpopulations from non-
responders as drug exposure is dependent upon the particle delivery system’s ability
to access the tumor site. This leads to the opportunity to embrace a personalized
medicine approach when developing a therapeutic strategy best suited to be effi-
cacious based upon the characteristics of the individual’s cancer. Therefore, as the
scientific community continues to investigate and learn about the multiple
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biological, spatial, and temporal interactions and the multiple communication and
feedback mechanisms that are involved in the highly complex and dynamic system
that is cancer, so too will the nanomanufacturing community investigate and
enhance the multiple processes involved to seamlessly manufacture robust, repro-
ducible, and cost-effective multicomponent nanosystems that will, in the near
future, bring the promise and potential of nanomedicine to reality.
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Abstract

To be legally sold in the United States, all drugs must go through the FDA
approval process. This chapter introduces the FDA approval process and
describes the clinical trials required for a drug to gain approval. We then look at
the different cancer nanotherapeutics and in vivo diagnostics that are currently in
clinical trials or have already received approval. These nanotechnologies are
catagorized and described based on the delivery vehicle: liposomes, polymer
micelles, albumin-bound chemotherapeutics, polymer-bound chemotherapeutics,
and inorganic particles.
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1 Introduction

For researchers in the fast-paced and always-changing field of cancer nanotech-
nology, it can be difficult to stay up-to-date with the progress of cancer therapies in
clinical trials. After all, due to the lengthy FDA-approval process, drugs approved
today are often the technology of research started over a decade ago. Furthermore,
once drugs have completed preclinical testing––for which peer-reviewed publica-
tions in the literature are often prevalent––and entered clinical trials (typically in a
private commercial realm), the status of these drugs is less frequently published.
Because innovative and promising drugs in the literature can sometimes be “lost” in
the poorly-reported and slow-moving clinical trials phase, we seek to review var-
ious examples of cancer nanotechnology currently undergoing clinical trials as of
July 2014. In this chapter we will explore the development of representative classes
of cancer nanotechnology therapies from preclinical to clinical stages to ascertain
the state of the field and gain insights into the FDA drug approval process.

Nanotechnology is an attractive strategy for addressing certain challenges in
cancer therapy. These challenges include drug stability, solubility, and tumor
localization/targeting. Nanoparticles, polymers, and proteins are often used to
improve the bioavailability of cancer-fighting drugs through encapsulation or
conjugation, typically by improving the often hydrophobic drug’s solubility in the
aqueous physiological conditions. Also, it is common for nanoparticles to passively
accumulate in tumors more prevalently than normal healthy tissues through a
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mechanism called the “enhanced permeability and retention” (EPR) effect. It is
speculated that the larger-than-average fenestrations in endothelial cell layers of
tumors caused by erratic angiogenesis facilitates entry of nanoparticles into the cell
(“enhanced permeability”), while the lack of proper lymphatic drainage in tumor
cells hinders nanoparticle clearance (“enhanced retention”) [1]. The EPR effect
causes preferential nanoparticle accumulation in tumors, which can lead to
improved efficacy of the drug, reduction of systemic toxicity from the drug, and
reduction in side effects typically associated with chemotherapy experienced by the
patient. The EPR effect is the primary mechanism of action for many of the
nanoparticles discussed in this chapter, but there are a few that are actively targeted.

In this chapter, we will begin with a brief description of clinical trials and the
FDA approval process. Then, different types of nanotechnology-based cancer
therapies or in vivo diagnostics will be introduced. Most of the nanotechnologies in
the cancer field lend themselves to characterization by a drug delivery vehicle:
liposomes, polymer micelles, albumin-bound chemotherapeutics, polymer-bound
chemotherapeutics, or inorganic particles. For this reason, we will describe the
fundamental principles of each class and review their clinical development sepa-
rately. Although we have limited our discussion to these classes for the sake of
brevity, they are hardly definitive; we are particularly excited by recent advances in
antibody therapy [2] and immunotherapy [3] for cancer treatment, which have been
reviewed elsewhere in greater detail. Table 1 provides a list of the clinical trials
discussed in this book chapter. Finally, we conclude with a perspective on the field
and future work.

2 Intro to Clinical Trials

The FDA as we know it today was born out of a 1937 tragedy in which 107 people
died after taking the marketed “elixir” drug sulfanilamide, which prompted the
government to enact more strict codes for food and drugs that could be legally sold
in the United States [4]. Since then, the FDA approval process has continued to
evolve in response to changes in drug technology, particularly in the realm of
cancer therapy. Currently, there are three mandatory clinical trial phases through
which a drug must go to be marketed in the United States, as well as a Phase 0 and a
Phase IV which are sometimes required (Fig. 1). Given the lengthy, somewhat
complex nature of clinical trials, as well as the wealth of cancer-treating nano-
particles spanning multiple phases, knowledge of the FDA approval process can
provide a helpful context for evaluating the progress of a given treatment.

Before a therapy can reach clinical trials, it must be discovered, created, and
tested both in vitro and in vivo. This period of invention and development is
referred to as the “preclinical” phase and on average takes 6.5 years [5]. The
ultimate goal of the preclinical period is to receive approval for an Investigational
New Drug (IND) Application from the FDA. A successful IND lists the drug’s
manufacturing information, clinical protocols, investigator information, and must
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Table 1 List of clinical trials discussed in this book chapter, including the phase, year initiated,
cancer indication, and ClinicalTrials.gov identifier

Phase Year
initiated

Description Cancer indication ClinicalTrials.
gov identifier

0 2014 Silica imaging
nanoparticle

Head and neck, melanoma,
prostate, cervical, uterine

NCT02106598

0 2014 Magnetic nanoparticle
thermoablation

Prostate NCT02033447

0 2013 Iron oxide imaging
nanoparticle

Head and neck NCT01895829

1 2012 Anti-EGFR
immunoliposome

Solid tumors NCT01702129

1 2009 siRNA-loaded liposome Solid tumors NCT00882180

1 2011 siRNA-loaded liposome Colorectal, pancreatic, gastric,
breast, ovarian with hepatic
metastases

NCT01437007

1 2009 siRNA-loaded liposome Advanced solid tumors NCT00938574

1 2012 siRNA-loaded liposome Advanced cancers NCT01591356

1 2014 siRNA-loaded liposome Solid tumors, multiple
myeloma, non-Hodgkins
lymphoma

NCT02110563

1 2008 Iron oxide imaging
nanoparticle

Brain neoplasms NCT00769093

1 2014 Paclitaxel-loaded polymer
micelle

Breast NCT02064829

1 2011 Prostate-targeted
docetaxel-loaded
polymeric nanoparticle

Metastatic, solid tumors NCT01300533

1 2008 Albumin-bound paclitaxel
nanoparticle

Head and neck NCT00736619

1 2007 Chemotherapeutic-
polymer conjugate

Small cell lung, non-small cell
lung

NCT00455052

1 2011 Magnetic biopsy needle
and nanoparticles

Leukemia NCT01411904

1 2011 Hafnium nanoparticles for
targeted radiation

Adult soft tissue sarcoma NCT01433068

1 2013 Hafnium nanoparticles for
targeted radiation

Head and neck NCT01946867

2 1999 Liposomal cisplatin Ovarian NCT00004083

2 2010 siRNA-loaded liposome Neuroendocrine, adrenocortical NCT01262235

2 2013 siRNA-loaded liposome Pancreatic NCT01808638

2 2011 Paclitaxel-loaded polymer
micelle

Bladder, ureter NCT01426126

2 2004 Albumin-bound paclitaxel
nanoparticle

Breast NCT00093145

2 2008 Chemotherapeutic-
polymer conjugate

Breast NCT00802945

(continued)
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also show a wealth of animal data suggesting positive pharmacological effects and
tolerable toxicity [4]. In short, the transition from preclinical work to clinical trials
requires a novel therapeutic that shows sufficient promise to be effective and safe in
treating human disease. However, due to the diversity of nano-platforms, as well as
the low number of nanoparticle therapeutics that have made it all the way to clinical
approval, determining what constitutes a “promising” nanoparticle drug can be
difficult; to this end, the National Cancer Institute developed the Nanotechnology
Characterization Laboratory (NCL) in 2004 to address the standards for preclinical
nanoparticle data [5, 6]. Researchers may apply via the NCL website (http://ncl.
cancer.gov) to have their preclinical nanomaterials and devices extensively char-
acterized in an “assay cascade,” that is, a battery of tests to determine physical
properties, toxicology, pharmacology, efficacy, and many other parameters. The
NCL has the infrastructure to perform this crucial preclinical testing on a large
scale, allowing researchers to characterize their nanotechnology far more rigorously
than they could alone. Moreover, this process can provide an accurate prediction of
whether or not a technology will likely face significant efficacy or safety issues
when it reaches clinical trials.

Table 1 (continued)

Phase Year
initiated

Description Cancer indication ClinicalTrials.
gov identifier

2 2006 Chemotherapeutic-
polymer conjugate

Solid tumors NCT00333502

2 2011 Chemotherapeutic-
polymer conjugate

Non-small cell lung NCT01380769

2 2001 Chemotherapeutic-
polymer conjugate

Fallopian tube, ovarian, primary
peritoneal cavity

NCT00017017

2 2011 Chemotherapeutic-
polymer conjugate

Glioblastoma multiforme NCT01402063

2 2013 Prostate-targeted
docetaxel-loaded
polymeric nanoparticle

Prostate NCT01812746

3 2012 Paclitaxel-loaded polymer
micelle

Breast NCT01644890

3 2008 Albumin-bound paclitaxel
nanoparticle

Breast NCT00785291

3 2007 Chemotherapeutic-
polymer conjugate

Non-small cell lung NCT00576225

3 2011 Chemotherapeutic-
polymer conjugate

Breast NCT01492101

4 2008 Liposomal paclitaxel Solid tumors NCT00606515

4 2009 Iron oxide imaging
nanoparticle

Pancreatic NCT00920023
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While many therapeutics will move directly from a successful IND to Phase I
trials, some will first go through Phase 0 trials. Phase 0 trials, also developed by the
National Cancer Institute, generally involve microdosing (dosing at sub therapeutic
levels) of the drug in order to obtain relevant pharmacokinetic data; this process
was developed largely as a means of streamlining the FDA approval process by
serving as an early benchmark of the translatability of an IND [7]. As with the NCL,
Phase 0 trials provide more clarity in the matter of which therapeutics are ready to
take the leap from preclinical studies to the arduous FDA clinical trials.

The bulk of the FDA approval process, both in terms of time and capital, lies in
Phases I–III. Phase I evaluates the safety of the new drug as its primary endpoint.
Generally, 20–100 volunteers are enrolled, and the drug dose administered is
gradually increased in order to observe patient response. These volunteers are
usually healthy, though exceptions can be made for especially life-threatening
illnesses [4]. Phase I generally lasts anywhere from 6 to 18 months, and about 2/3
of all INDs will progress to Phase II [5]. Phase II trials look at the efficacy of the
drug. 100–300 patients are typically enrolled and the effective dose method of
delivery, optimal dosing interval, and further safety concerns are all evaluated [4].
Phase II can last anywhere from 6 months to 2 years, and is typically where the
majority of drugs fail, given that it is the first stage to really evaluate the effec-
tiveness of the new drug in humans [5]. Indeed, since 2003 only about 3 in 10 drugs
have made it through Phase II testing [8]. If a drug is deemed effective and suitably
safe after Phase II, it then moves on to Phase III. Phase III is the largest (and most
expensive) of all the phases, with 1000–5000 patients from all over the United

Fig. 1 A schematic of the FDA approval process with a list of clinical trials discussed in this book
chapter
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States often enrolled in randomized, placebo-controlled experiments [5]. This phase
can take up to 10 years to complete, and roughly 10 % of the drugs that make it
through Phase II will still fail in Phase III [4]. While less common than failure in
Phases I and II, failure in Phase III can be caused due to safety or efficacy short-
comings that only manifest themselves in a large-scale pool of patients, or could
simply be a result of the sponsoring institution running out of capital to fund the
trial [9]. Success in Phase III depends largely on a drug’s efficacy or safety relative
to a “gold standard” (i.e., it has to have some advantage over a market treatment
currently used) [5].

If a treatment makes it through Phase III testing, the sponsor can file for a New
Drug Application. The FDA will take 6–12 months to review this application; at the
end of the review process, they can approve the drug if the Phase III data suggests
increased efficacy relative to the gold standard, reject the drug if they believe it to
have insufficient safety or to not represent a significant improvement over current
treatments, or ask for more data on the drug [4]. An approved NDA means that the
new drug can be marketed in the US, after which many drugs will undergo Phase
IV trials. Phase IV studies take numerous forms, such as gathering data from
consumers and double-blind tests in hospitals that are more similar to Phases II and
III testing; these trials are largely concerned with drug safety, especially in popu-
lations such as children, which are rarely a part of premarket studies [10]. On the
whole, it is estimated that the approval rate for all new oncology drugs entering
clinical trials is somewhere around 5 % [7], with oncology drugs having a histor-
ically lower than average rate of making it through Phase III [8]. Moreover, an
average drug requires somewhere around $1 billion total cost to make it through
clinical trials [11].

3 Different Treatments Used with Nanotechnology
Cancer Therapeutics

The nanoparticle cancer therapies currently undergoing clinical trials primarily fall
into the following three classes of therapeutic mechanisms: chemotherapeutics,
short interfering RNA, and imaging agents.

3.1 Chemotherapeutics

While “chemotherapy” is sometimes used as a blanket term to describe any phar-
maceutical intervention for cancer, chemotherapeutics are most often considered to
be small-molecule drugs that act as purposefully cytotoxic agents. Chemothera-
peutics are chosen or designed such that they primarily affect dividing cells, making
them aggressive in suppression of the unrestrained cell growth characteristic of
cancer [12]. The first chemotherapeutics discovered and employed in human studies
were alkylating agents derived from mustard gas used in World War I. Alkylating

Cancer Nanotherapeutics in Clinical Trials 299



agents are able to form covalent bonds with DNA, thereby disrupting the mitotic
cycle [13]. Since then, many other chemotherapies with alternate mechanisms of
action have been developed. Anti-microtubule agents that disrupt the necessary
organization of microtubules during cell mitosis, ultimately leading to a disruption
in cell division, have been effective at retarding cancer growth. For instance, pac-
litaxel, which belongs to a class of anti-microtubule agents known as taxanes,
inhibits cell growth by stabilizing microtubules, which prevents them from per-
forming the reorganizations necessary for mitosis [14]. Other examples of anti-
microtubule agents include dolostatins and rhizoxin [15]. Additionally, cytotoxic
antibiotics have been developed as chemotherapeutic agents; while such drugs
certainly possess antibacterial properties, they prevent cancer growth by inhibiting
cell growth through a variety of mechanisms. Doxorubicin, one of the most com-
monly used antibacterial chemotherapeutics, binds to several DNA-associated
enzymes, thereby damaging DNA and disrupting its replication [16].

Although chemotherapeutics act by impeding cellular division, this effect is not
specific to cancer cells. For this reason, chemotherapeutics are associated with
many well-known adverse side effects resulting from systemic toxicity. Cancer
nanotechnology, therefore, seeks to take advantage of the potent cytotoxicity of
chemotherapeutics while limiting the off-target effects that compromise patient
well-being. Strategies for doing so include encapsulation of chemotherapeutics in
order to improve biodistribution, drug stability, and retention within tumors (e.g.,
through the EPR effect); complexation with nanoparticles to improve solubility;
formulation into nanoparticles with targeting ligands that specifically bind to
tumors; and others which are discussed throughout this chapter.

3.2 Short Interfering RNA

Following fundamental studies of RNA interference (RNAi) in C. elegans [17], as
well as the studies of the underlying mechanism of RNAi [18], short interfering
RNA platforms have been studied intensively as therapeutic agents. Short inter-
fering RNAs, also known as siRNAs, are 21–23 nucleotide double-stranded RNAs
that can be synthetically designed to target specific cellular mRNA (Fig. 2). Once in
the cytoplasm, these siRNAs are incorporated into an enzyme complex called RISC
(RNAi silencing complex), which targets and degrades mRNA complementary to
the antisense strand of the siRNA [19]. Properly designed siRNA therapies result in
decreased protein expression caused by the mRNA degradation and lead to
knockdown of a specific phenotype.

Because mRNA degradation is sequence-specific, siRNA has the potential to
silence a wide range of target proteins, many of which are “undrugable” and cannot
be targeted by small molecule chemotherapeutic agents. Moreover, siRNA is
modular: the same base siRNA delivery technology can be applied to different
protein targets by changing only the sequence of the siRNA strand. This is espe-
cially important for a complex disease like cancer, which can dynamically
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upregulate multiple oncogenic proteins at once (providing multiple target proteins)
and has been known to acquire resistance to some conventional chemotherapeutics
[20].

The main hurdle in translation of siRNA lies in the mechanism of delivery;
naked siRNA delivered systemically is quickly degraded by various nucleases and/
or quickly cleared through the kidneys, making its biodistribution unfavorable and
its bioavailability low. Additionally, siRNA is too large and negatively charged to
cross cell membranes on its own [21]. To this end, numerous nanoparticle delivery
systems that aid in siRNA delivery for treatment of a variety of diseases have been
and continue to be studied and developed [22]. Similar to nanoparticles for che-
motherapeutics, such particles are intended to enhance siRNA stability, aid in
cellular entry, and improve biodistribution. Indeed, siRNA nanoparticle delivery for
cancer treatment has been heavily researched, with a few promising technologies
having reached clinical trials [23].

3.3 Imaging Agents

In addition to cancer treatments, nanoparticles are also advantageous in diagnosis
and imaging of the disease. Given their unique properties, magnetic nanoparticles
have the potential to play an important role in the realm of cancer imaging.
Superparamagnetic nanoparticles are smaller than the size of a single magnetic
domain and, without an applied field, retain no residual magnetization [24]. Thus,
these superparamagnetic particles can have their magnetization switched entirely
“on” or “off” at will (Fig. 3). When used with magnetic resonance imaging, these
nanoparticles confer greater contrast, signal strength, and less aggregation than
other imaging agents [25]. As such, several clinical trials utilize nanoparticles as

Fig. 2 siRNAs can be used to silence expression of cancer-related proteins through the RNA
interference mechanism
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MRI contrast agents. Nanoparticles designed to accumulate in tumors can also serve
as optical probes, with fluorescence in the near infrared range used as an alternative
to MRI [26].

4 Current Clinical Trials

There are currently many FDA clinical trials involving nanoparticle therapies for
cancer, along with a few examples of nanoparticles that have gained FDA approval.
The different nanotechnologies that have successfully translated from the lab to
clinical trials will be discussed in the following categories: liposomes, polymeric
nanoparticles, protein-bound chemotherapeutics, polymer-bound chemotherapeu-
tics, and inorganic nanoparticles.

4.1 Liposomes

Liposomes are spherical nanoparticles made from amphipathic lipids, a class of
molecules which have a polar head group and a nonpolar tail group. In aqueous
conditions, these lipids naturally self-assemble into a lipid bilayer which forms the
outer layer of the liposome (Fig. 4). Drugs can be either entrapped inside the
aqueous core or in the hydrophobic membrane, depending on whether the drug is
hydrophilic or hydrophobic. Because the encapsulation of the drug in the liposome
can reduce drug degradation, limit potential off-target toxicity of the drug, and
increase the concentration of the drug at tumors due to the EPR effect, conven-
tionally toxic chemotherapeutics are a natural choice for liposomal formulations. In
fact, one of the earliest studies to show the utility of liposomal drugs in vivo used a

Fig. 3 Superparamagnetic
nanoparticles can be used as
imaging agents. These
nanoparticles can have their
magnetization switched “on”
with an external field, but
retain no residual
magnetization without an
external field
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chemotherapeutic: in 1977, Kobayashi et al. demonstrated significantly enhanced
survival of leukemic mice with liposomal ara-C (DNA synthesis inhibitor) com-
pared to ara-C alone [27]. In the decades that followed, liposome technology
progressed further with advances such as targeting ligands and triggered release,
and several liposomal formulations have made it to the market with hundreds of
millions of dollars of sales per year [28].

Arguably the most influential liposome technology developed early on was
Doxil, a liposomal formulation of the chemotherapeutic doxorubicin. The impor-
tance of Doxil to the field of cancer nanotechnology cannot be overstated; as the
first FDA-approved nanoparticle, it paved the way for all future generations of
liposomal and polymeric particles. For an excellent, firsthand account of the
development of Doxil from concept to the clinic, we refer the reader to the review
of Barenholz [29]. Briefly, the preclinical development of Doxil was catalyzed by
several discoveries, including that (1) PEGylation of the nanoparticle surface
increased circulation time and reduced non-specific uptake by macrophages [30]
and (2) the use of an ammonium sulfate gradient during drug loading leads to
crystallization of the drug and a marked increase in encapsulation efficiency [31].
Pharmacokinetic studies in rats and dogs were conducted [32], and a pilot clinical
trial in Israel demonstrated that Doxil localized to the tumor and was overall well-
tolerated in humans [33]. Doxil received FDA approval in 1995 for AIDS-related

Fig. 4 Liposomes can
encapsulate and deliver
hydrophobic small molecule
chemotherapeutics and/or
siRNAs. DLinDMA is an
example of an amphiphilic
lipid molecule which
comprises the bilayer
membrane of the nanoparticle
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Kaposi’s sarcoma, in 1999 for ovarian cancer, and in 2003 for breast cancer [28].
Doxil is also prolific in clinical trials for other indications or in combination with
other therapies, which are too numerous to go into detail here: a search of Clini-
calTrials.gov for “Doxil” finds over 1500 registered ongoing or completed clinical
trials. Suffice it to say that Doxil’s impact on the field of cancer technology over 20
years after its FDA approval is still enduring today.

After Doxil, many other chemotherapeutics have been incorporated into lipo-
somes and have undergone clinical trials, such as liposomal paclitaxel [34] and
liposomal cisplatin [35]; several have also received FDA approval, including Da-
unoXome (liposomal daunorubicin) and DepoCyt (liposomal cytarabine). Addi-
tionally, a non-PEGylated version of liposomal doxorubicin called Myocet has been
developed to combat one of the side effects of Doxil, a condition called palmar-
plantar erythrodysaesthesia or “hand-foot syndrome” which is characterized by a
dermatologic toxic reaction in the hands and feet [36]. There are currently various
Myocet formulations in all stages of clinical trials; the most clinically advanced is a
Phase III combination therapy for HER2-positive metastatic breast cancer with
Mycoet, paclitaxel, and Trastuzumab (Herceptin), an antibody which has been
independently shown to improve survival in women with HER2-positive breast
cancer [37]. The results of this Phase III trial were published in 2014, and unfor-
tunately, the addition of Myocet was found to not significantly improve the pro-
gression-free survival over the standard first-line therapy of paclitaxel and
Trastuzumab alone [38]. However, the authors note that Myocet may have benefit
and warrants further study in patients whose tumors display a particular subset of
biomarkers [38]; because of the great heterogeneity of cancer, it is not uncommon
for clinical trials to discover that certain classes of patients respond better to
treatment than others.

As an example of a promising new liposome technology, liposomes have
recently been developed which are actively targeted to the tumor instead of merely
passively accumulating at the site due to the EPR effect. The surface of these
liposomes contains antibodies against epidermal growth factor receptor (EGFR), a
protein that is overexpressed on the surface of many types of cancer cells [39].
These so-called immunoliposomes delivered cytotoxic drugs more efficiently to
EGFR-expressing cells in vitro than liposomes without antibody [40], and this
effect was confirmed in vivo with mice [41]. The antibody used on these immu-
noliposomes was also capable of binding to cells expressing EGFRvIII, a deletion
mutant of EGFR often associated with breast carcinoma, non-small cell lung car-
cinoma, and high-grade glioma. In 2012, the anti-EGFR immunoliposomes became
the first targeted nanoparticle delivering chemotherapeutics to undergo a Phase I
clinical trial [42]. The doxorubicin-loaded immunoliposomes were administered to
patients with EGFR-overexpressing tumors (including pancreatic, head/neck,
colorectal, urothelial, and several other cancer indications) in escalating doses, and
the recommended dose was determined to be 50 mg/m2 for future Phase II trials;
notably, no patients developed palmar-plantar erythrodysaesthesia or cardiotoxicity,
which can be associated with Doxil [36, 43].
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Liposomes can also be used as a drug delivery vehicle for siRNA therapeutics.
Although the most clinically advanced siRNA liposome formulations treat heredity
liver disorders (such as Alnylam Pharmaceutical’s patisiran, currently enrolling in a
Phase III clinical trial [44]), several siRNA liposome formulations for cancer
therapy have recently began or completed Phase I clinical trials. The siRNA
entrapped in the aqueous core of these liposomes are designed to silence the
expression of genes associated with cancer, including oncogenes (e.g. EphA2) [45]
and angiogenesis-promoting genes (e.g., PKN3) [46]. In these lipid nanoparticle
formulations, cationic or ionizable lipids are often used because their positive
charge (1) improves the entrapment efficiency of the negatively charged siRNA, (2)
increases cellular uptake, and (3) facilitates escape of the siRNA from the endo-
some [22]. The chemical structure of these lipids, which are often composed of an
amine-containing polar headgroup and nonpolar hydrocarbon tails, is strongly
associated with the potency of the resulting siRNA liposome formulation.
Accordingly, thousands of lipid and lipid-like molecules have been synthesized
over the past decade using both rational design approaches [47–49] and the syn-
thesis of large combinatorial libraries [50–52] with only a select few of these lipids
having sufficient potency and non-toxicity to reach clinical trials. For this reason,
liposomes used to encapsulate siRNA are often called “lipid nanoparticles” (LNPs)
to highlight the importance of the lipid itself.

Reported in the mid-2000s, one of the first lipids to be developed for use in
siRNA-LNP formulations was DLinDMA (Fig. 3) [47]. DLinDMA and siRNA can
be formulated into nanoparticles along with phospholipid (to increase efficacy),
cholesterol (to increase stability), and lipid-anchored PEG (to increase LNP cir-
culation time, reduce aggregation, and reduce nonspecific uptake by macrophages)
[22]. Because it contains these additional excipients, the nanoparticle is classified as
a SNALP (stable nucleic acid lipid nanoparticle); SNALPs have been shown to
typically distribute to the liver in vivo and increase efficacy to hepatocytes over
simple lipid-siRNA lipoplexes [53]. In 2006, DLinDMA SNALPs were used to
demonstrate the first RNAi-mediated gene silencing in non-human primates [54],
and this technology was then translated to the clinic by Alnlyam Pharmaceuticals,
which in 2011 completed a Phase I dose-escalation clinical trial [55]. The DLi-
nDMA SNALP was called ALN-VSP02 and incorporated siRNAs targeting both
vascular endothelial growth factor (VEGF, promotes angiogensis) and kinesin
spindle protein (KSP, promotes cellular proliferation) for the treatment of solid
tumors. Published results from this Phase I clinical trial indicate that intravenously-
administered ALN-VSP02 was generally well-tolerated at doses ranging from 0.1 to
1.5 mg/kg with no clinically significant liver toxicity in 40 of 41 patients; addi-
tionally, one patient with nodal and extensive liver metastases from endometrial
cancer achieved a complete response to the therapy and three patients (with both
hepatic and extrahepatic metastases) achieved stable disease for 1–1.5 years [56].

Over the past decade, the chemical structures of the lipids have been optimized
by different researchers to reduce toxicity, change the biodistribution, and reduce
the IC50 of the siRNA-LNPs. (A lower IC50 is desirable because it reduces the
amount of lipid required and thus may alleviate concerns of any potential long-term
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toxicity of the lipid.) A lipid called DLin-MC3-DMA from Tekmira was incor-
porated into a formulation called TKM-PLK1 designed to treat primary or sec-
ondary liver cancer, and it has recently completed Phase I clinical trials [48, 57].
The siRNA encapsulated in TKM-PLK1 targets polo-like kinase 1 (PLK1), a
protein frequently overexpressed in tumors and associated with carcinogenesis [58].
A cationic lipid called AtuFECT01 from Silence Therapeutics which targets the
endothelium [59] was incorporated into a formulation called Atu027. Atu027
contained siRNA targeting protein kinase 3 (PKN3, promotes angiogenesis) which
retarded tumor growth in preclinical mouse studies [46], was well-tolerated in
Phase I trials for patients with advanced solid tumors with some anti-metastatic
activity observed [60, 61], and is currently enrolling in a Phase1b/IIa study in
patients with pancreatic adenocarcinoma [62].

TKM-PLK1, ALN-VSP02, and Atu027 have completed Phase I clinical trials,
but there are additional siRNA-LNP formulations for cancer therapy on the horizon.
A Phase I clinical trial has been registered which uses the neutrally-charged lipid
1,2-dioleoyl-sn-3-phosphatidylcholine (DOPC) to encapsulate siRNA targeting
epithelial cell kinase (EphA2), an oncoprotein overexpressed in many types of
human tumors and especially ovarian tumors [45, 63]. Moreover, Dicerna Phar-
maceuticals is currently enrolling patients for a Phase I clinical trial for the treat-
ment of solid tumors, multiple myeloma, and non-Hodgkins lymphoma with their
LNP formulation called DCR-MYC [64]. DCR-MYC is made from a proprietary
lipid called EnCore and contains 27-nucleotide siRNA targeting the oncogene myc,
which is frequently overexpressed in cancers [65–67].

4.2 Polymeric Nanoparticles

In contrast with LNPs, polymers can also be used to form spherical polymeric
micelles to encapsulate and deliver chemotherapeutics. These nanoparticles are
distinguished from polymer-bound chemotherapeutic conjugates (discussed in a
later section) because the drug here is encapsulated in the particle rather than
covalently bonded to the polymer, although it should be noted that some conjugates
will spontaneously form nanoparticle-like shapes in aqueous conditions [68].
Polymer micelles are made when an amphiphilic block copolymer self-assembles in
an aqueous solution, trapping the hydrophobic drug in the hydrophobic inner
micelle core (Fig. 5).

The formulation called Genexol PM (also called cynviloq or IG-001) from
Sorrento Therapeutics uses a micelle made from a PEG (hydrophilic) and poly(D,L-
lactic acid) (hydrophobic) block copolymer to encapsulate paclitaxel and release the
drug in a controlled fashion [69]. Genexol PM is approved for clinical use in South
Korea to treat metastatic breast cancer and non-small cell lung cancer (NSCLC), is
undergoing Phase II clinical trials in the United States for various other indications
like urothelial cancer [70], and is currently underway in a bioequivalency crossover
clinical trial with albumin-bound paclitaxel as the control alternative therapy [71].
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According to a Sorrento press release [72], Genexol PM may be approved by the
FDA under the 505(b) [46] pathway for a new drug application if it demonstrates
equivalent pharmacokinetics to albumin-bound paxlitaxel. Several other polymeric
micelle-based nanoparticles are in Phase III clinical trials. For example, NK105,
made from a PEG/modified polyaspartate block copolymer and encapsulating
paclitaxel [73], is now in a Phase III clinical trial for the treatment of breast cancer
[74]. NK105 was also well-tolerated with 14/56 patients having a clinical response
in a Phase II trial for gastric cancer [75].

Targeting moieties are also being introduced to the polymeric nanoparticle
surface to deliver the particle to tumor cells with better specificity. One example of
this concept is Bind Therapeutic’s BIND-014, a nanoparticle made from a PEG/
poly(lactic-co-glycoclic acid) block copolymer encapsulating docetaxel. The sur-
face of BIND-014 is decorated with a small molecule called ACUPA which has
been shown to have specificity for prostate specific membrane antigen (PSMA), a
receptor overexpressed on prostate cancer cells and solid tumor vasculature [76]. In
preclinical development, BIND-014 was selected and optimized from a large
combinatorial library of nanoparticles with varying sizes, polymer composition,
ACUPA targeting molecule density, and other parameters [77]. It was reported that
2/12 patients had tumor shrinkage in a Phase I dose escalation clinical trial [77, 78],

Fig. 5 Polymer micelles can
encapsulate and deliver
hydrophobic small molecule
chemotherapeutics in the
hydrophobic core. PLA-PEG
is an example of an
amphiphilic block copolymer
which self-assembles into the
micelle in aqueous conditions
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and BIND-014 is currently being studied in two Phase II clinical trials for prostate
cancer [79] and NSCLC [80].

Polymer nanoparticles have predominately been used to deliver small molecule
chemotherapeutics but can also be used to deliver siRNA for cancer treatment. First
described in 1999 by Davis and coworkers, β-cyclodextrin is a sugar-derived,
linear, cationic polymer which can form nanoparticle complexes with negatively
charged siRNA [81]. The nanoparticle formulation called CALAA-01 is made of
β-cyclodextrin, PEG, and siRNA targeting ribonucleotide reductase subunit M2
(RRM2, an enzyme involved in DNA replication); furthermore, the surface of
CALAA-01 nanoparticles is decorated with the targeting moiety transferrin, a
protein which binds to transferrin receptors overexpressed on cancer cells [82]. In
2008, a Phase I clinical trial for CALAA-01 began, the first clinical trial for targeted
siRNA nanoparticles [83]. An interim publication released in 2010 investigated the
tumor biopsies of some of the patients and discovered the first evidence of siRNA-
mediated mRNA degradation in humans [84], an important proof-of-concept for the
mechanism of RNAi and a milestone in the gene delivery field. The Phase I trial
was terminated in 2013, and to our knowledge no explanation for this termination
has been given by Arrowhead Research Corporation. However, the β-cyclodextrin
polymer technology has seen better success in polymer-bound chemotherapeutics
as discussed in a subsequent section.

4.3 Albumin-Bound Chemotherapeutics

By numbers alone, the most common types of cancer-treating nanoparticle currently
undergoing clinical trials are albumin-bound chemotherapeutics. Specifically, these
platforms utilize albumin to form a nanoparticle carrier for chemotherapeutic drugs.
Because albumin is a natural carrier of hydrophobic materials, it can be used to
overcome solvation issues with highly hydrophobic drugs that would otherwise
need to be solubilized and delivered using harmful solvents. Additionally, albumin
is known to interact with the cellular GP60 receptor, which improves the trafficking
of the bound drug into the cell [85]. These nanoparticle albumin bound (nab)
platforms therefore overcome the dose restrictions on potent chemotherapeutic
agents (such as taxanes) dissolved in cytotoxic solvents.

The first albumin-bound chemotherapeutic to be approved by the FDA was
Abraxane. Abraxane (delivered intravenously) is a nanoparticle composed of the
taxane chemotherapeutic paclitaxel bound to albumin (generally referred to as a
nab-paclitaxel platform), and is prepared by high-pressure homogenization of
paclitaxel in the presence of human serum albumin [86]. During formulation, each
albumin molecule noncovalently binds several hydrophobic paclitaxel molecules,
and these individual albumin/paclitaxel particles combine and stabilize into nano-
particles of *130 nm in diameter (Fig. 6) [87]. Up until the development of
Abraxane, paclitaxel was only available as Taxol; due to paclitaxel’s poor water
solubility, the solvent used in Taxol was Cremophor, a mixture of castor oil and

308 A.K.R. Lytton-Jean et al.



ethylene oxide. Despite paclitaxel’s antitumor activity [14], the Cremophor solvent
is associated with a host of adverse effects, including neurotoxicity and clinical
acute hypersensitivity reaction [88]. The dose-limiting toxicity of the Cremophor
solvent motivated the search for alternative means of paclitaxel delivery, and
ultimately resulted in the development of Abraxane. In 2000, Abraxis Bioscience
(the company that developed Abraxane) presented preclinical data which showed
that paclitaxel bound to albumin nanoparticles had equivalent efficacy to Taxol in
nude mice, and significantly reduced toxicity in rats [89]. In clinical trials,
Abraxane was shown to have a tolerated dose 50 % larger than that of Taxol, which
likely contributed to its improvement in patient tumor response over Taxol [90].
These clinical successes led to the drug’s approval in January of 2005 for breast
cancer in patients that failed combination therapy [85]. Since then, it has been
approved for NSCLC and pancreatic cancer in 2012 and 2013, respectively [91].

In the wake of Abraxane’s success, there are currently several Phase I–III
clinical studies investigating nab-Paclitaxel efficacy in treating different cancers (or
cancer stages) and as part of various combination therapies. As an example, there is
currently a Phase I trial testing the effectiveness of nab-paclitaxel with the antibody
cetuximab and intensity-modulated radiation therapy for patients with head and
neck squamous cell carcinoma [92]. To date, results have been published demon-
strating that the nab-paclitaxel platform as a part of this particular combination

Fig. 6 Proteins, typically
albumin, can solvate
hydrophobic small molecule
chemotherapeutics. These
proteins associate into
nanoparticles, which can
deliver the encapsulated drug
to cells. (Albumin protein
cartoon from protein data
bank at http://www.rcsb.org/)

Cancer Nanotherapeutics in Clinical Trials 309

http://www.rcsb.org/


therapy has a mean tolerated dose up to 2.5x higher than that of traditional pac-
litaxel treatments [93]. Likewise in a Phase II trial, nab-paclitaxel is being tested
alongside carboplatin (an alkylating chemotherapeutic) and trastuzumab (an anti-
body) to see if the combination is effective in treating metastatic breast cancer [94].
Once more, results showed that use of nab-paclitaxel was potent in its anticancer
properties with less associated toxicity than Cremophor-based paclitaxel, with no
patients experiencing high grades of neuropathy [95]. A Phase III clinical trial
testing a combination of the antibody bevacizumab along with nab-paclitaxel for
stage IIIC and IV breast cancer is currently ongoing [96].

While there are several similar trials that use the same nab-paclitaxel platform,
there is also a clinical trial investigating a nab-rapamycin drug. Rapamycin is an
antibiotic which inhibits signals from mTOR, an important intracellular kinase
involved in cell proliferation and survival [97]. Like paclitaxel, rapamycin suffered
from poor solubility, so it was formulated with albumin in hopes of improving its
efficacy [85]. Indeed, early work by Abraxis BioScience demonstrated that the nab-
rapamycin platform as a single agent could greatly inhibit tumor growth in a murine
breast tumor xenograph model, suggesting it held similar promise to the
improvements shown using Abraxane [98]. This drug (ABI-009) is currently in
Phase I/II clinical trials [99].

4.4 Polymer-Bound Chemotherapeutics

Similar to albumin, polymers can also be conjugated to chemotherapeutics to
increase the drug’s solubility, bioavailability, and tolerability (Fig. 7). Whereas
albumin binds to the chemotherapeutic through hydrophobic interactions, the
polymers must be covalently conjugated to the drug through an enzymatically-
cleavable bond so that the drug can be released; furthermore, polymers used in this
application are typically linear and must be water-soluble and biocompatible [100].
One of the first polymers used for this application was N-(2-Hydroxypropyl)
methacrylamide (HPMA), a hydrophilic and non-immunogenic polymer first
developed in the 1970s by Jindřich Kopeček and coworkers [101]. In 1999, the
results of the first clinical trial of HPMA-conjugated doxorubicin (PK1) were
published [102], but further progress in clinical trials has been slow over the past
two decades with several HPMA conjugates failing Phase I trials and only a handful
of others reaching Phase II trials [103].

One disadvantage of HPMA is that it is non-biodegradable and therefore may
result in long-term toxicity accumulation. Accordingly, the biodegradable polymer
poly-L-glutamic acid was conjugated to paclitaxel to make the drug called CT-2103
(paclitaxel poliglumex, also called Opaxio) from Cell Therapeutics, which had
promising preclinical anti-cancer activity and was well tolerated in Phase I clinical
trials [104]. In a Phase III trial, results indicated that CT-2013 did not extend
survival in patients with NSCLC compared to free chemotherapeutic; however, it
was observed that there was a strong but not significant increase in survival for
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women over men [105]. This observation, coupled with preclinical data indicating
that CT-2103 efficacy is enhanced by estradiol (female sex hormone), encouraged
two separate follow-up clinical trials: first, a Phase III clinical trial [106] is currently
underway studying the efficacy of CT-2103 in women with NSCLC who have
baseline estradiol concentrations above 25 pg/mL; second, a Phase II clinical trial
[107] was conducted in men with prostate cancer who were co-treated with estra-
diol and CT-2013, but this trial was terminated. Despite its prevalence in clinical
trials (including a Phase III trial for ovarian cancer [108], a Phase II trial for
glioblastoma [109], and many others), after nearly 20 years in the clinic it has not
yet been published that CT-2013 has increased survival over free drug for any
indication, highlighting just how difficult it is for drugs to surmount Phase III trials.

Many other strategies for polymer-bound chemotherapeutics have been
employed. First reported in 2004, XMT-1001 is camptothecin conjugated to a
biodegradable, hydrophilic polyacetal polymer [110] and was shown to have effi-
cacy in mice bearing HT-29 human colon carcinoma xenografts [111]. XMT-1001
is currently in Phase I clinical trials for the treatment of lung cancers [112], and
preliminary results indicated that the drug was well tolerated with prolonged stable
disease in 9/54 patients [113]. Another example is CRLX-101, which is campto-
thecin conjugated to β-cyclodextrin [68]. CRLX-101 had efficacy in mice bearing
xenograft tumors for six different cancer types [114], and in 2013 completed its

Fig. 7 Polymers can be
chemically ligated to
chemotherapeutics to increase
their solubility. HPMA is an
example of a copolymer that
has traditionally been used in
this application
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first-in-human Phase I/IIa clinical trial in advanced solid tumors [115]. Stable
disease was achieved in 28/44 patients treated at the maximum tolerable dose and
16/22 of the patients with NSCLC [116]. A Phase II study with CRLX-101 for
NSCLC is currently underway [117].

As an example of another polymer-bound chemotherapeutic which has pro-
gressed further in the clinic, NKTR-102 (etirinotecan pegol) from Nektar Thera-
peutics is a PEGylated topoisomerase I-inhibitor. NKTR-102 is most clinically
advanced for the treatment of breast cancer, but it is also being studied in the
treatment of ovarian, colorectal, lung, and brain cancers. In a Phase II trial [118] to
determine the safety and efficacy of NKTR-102 in incurable metastatic breast can-
cers, the drug was generally well tolerated and 20/70 patients had complete or partial
response to the treatment [119]. NKTR-102 is currently being studied in a Phase III
trial [120] with over 800 patients which is anticipated to have results in early 2015.

4.5 Inorganic Nanoparticles

As mentioned previously, inorganic magnetic nanoparticles have properties that
make them desirable for tumor imaging applications. The potential of iron oxide
nanoparticles for use as MRI contrast agents was realized in the 1990s, and studies
began in the hopes of moving to clinical trials [121]. Ferumoxtran-10, a dextran-
coated iron oxide nanoparticle, was the first generation of metallic nanoparticles to
seek FDA approval as an MRI contrast agent. The iron oxide core of the particle
provided the image contrast, while the dextran coating minimized reaction with
serum proteins and opsonization (Fig. 8) [121]. Early experiments showed that the

Fig. 8 Inorganic
nanoparticles, comprising an
inorganic core with
hydrophilic polymer coatings,
have both imaging and
therapeutic applications
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nanoparticles were taken up mainly by macrophages after circulation, which are
much more present in non-cancerous tissue than in tumors [122]. Reticuloendo-
thelial uptake reduces the postcontrast magnetic resonance of the particles and it
was therefore hypothesized that a strong magnetic signal should remain in tumors
during post-imaging. Thus, the nanoparticles, known as Combidex in the United
States, began clinical trials for use as a lymph node imaging tool [123]. However,
this trial was terminated early, and the development of Combidex in the US was
discontinued. It is possible that this discontinuation was due to the relatively high
rate of false positives involved with the use of ferumoxtran-10 [124].

Since the discontinuation of ferumoxtran-10, a second-generation iron oxide
nanoparticle, ferumoxytol (also known as Feraheme), has begun clinical evalua-
tions. Ferumoxytol is an iron oxide nanoparticle coated with a semisynthetic car-
bohydrate instead of dextran. This novel hydrophilic coating was designed to
reduce the immune response associated with dextran-coated iron oxide particles and
to also reduce the free iron concentration in vivo, thus decreasing toxicity [125].
Ferumoxytol carries the extra advantage of being previously clinically approved to
treat iron deficiency resulting from chronic kidney disease in adults. Thus, in
addition to imaging advantages of magnetic nanoparticles already discussed,
ferumoxytol has been shown safe for chronic kidney disease and angiographic
imaging, which confers an advantage over the commonly used Gadolinium-based
MRI contrast agents that can cause nephrogenic systemic fibrosis in patients [126].
There are several clinical studies that involve ferumoxytol as an MRI contrast agent
for different cancers, spanning the entire range of trials: a Phase 0 trial is testing it as
a general MRI-enhancement agent [127], and a Phase IV trial is investigating
ferumoxytol as a contrast agent in lymph nodes associated with pancreatic cancer
[128]. Ferumoxytol is also involved in a clinical trial for imaging cancer in thyroid
lymph nodes [129], as well as in pediatric and adult soft tissue sarcoma [130]. The
nanoparticle is even being used to image the differential drug effects of doxorubicin
(a chemotherapeutic) and bevacizumab (an antibody) on brain tumors [131].

In addition to iron oxide nanoparticles, there are currently clinical trials under-
way that use silica nanoparticles as cancer imaging agents. Unlike other nanopar-
ticles, such as iron oxide nanoparticles, the chemistry of silica nanoparticles is such
that various functional groups can easily be attached to the surface [132]. Thus,
these particles can be tagged for versatile imaging applications (such as fluores-
cence and radioactive tags) and can also be functionalized to target receptors that
are known to be overexpressed in cancer cells, giving them an active targeting
aspect to complement the passive EPR effect. Based on these advantages, silica
nanoparticles for tumor imaging were developed and shown to have high binding
affinity for specific cancer-related receptors and promising imaging capabilities in a
preclinical model of human melanoma [133]. The first clinical trials using these
particles in 2010 tagged these silica nanoparticles with radioactive iodine-124,
which allowed for PET imaging for melanoma and brain cancer [134]. Addition-
ally, a Phase 0 clinical trial that seeks to use silica nanoparticles labeled with the
fluorescent tag Cy5.5 to aid in surgical intervention for head and neck melanoma is
currently recruiting participants; the nanoparticles are injected into the neck at the
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time of surgery and a handheld camera is used to track their movement and eventual
accumulation [135].

As an alternative to imaging, there is a clinical trial investigating the use of a
magnetic biopsy needle in concert with iron oxide nanoparticles for detection of
tumors [136]. The technology, known as MagProbe, relies on attachment of iron
oxide nanoparticles coated with anti-CD34 antibodies which target the overex-
pressed CD34 receptor on leukemia cells in the bone marrow. Once these particles
are endocytosed by cells, a magnetic biopsy needle is inserted into the bone marrow
and collects the cells tagged with the magnetic nanoparticles. These cells can then
be analyzed further, aiding in the diagnosis of leukemia patients [137].

Although inorganic nanoparticles for cancer treatment in clinical trials are lar-
gely used for diagnostic purposes, a few therapeutic applications have made their
way to clinical trials. A technique called thermoablation, which involves the heating
of magnetic nanoparticles by exposing them to an alternating current in a magnetic
field, is a potential means of selectively killing tumor cells; the magnetic nano-
particles should preferentially accumulate in tumor cells through the EPR effect so
that it is mainly the tumor cells that will be killed upon the current-induced heating
of the particles [138]. This technology is currently being assessed in a Phase 0
clinical trial studying the biodistribution and clearance of the iron oxide nanopar-
ticles [139]. Nanobiotix has developed their own therapeutic metallic nanoparticle,
NBTXR3, which is a hafnium oxide crystal that emits large amounts of electrons
upon x-ray radiation [140]. Similar to the thermoablation technique, it is hypoth-
esized that the preferential accumulation of NBTXR3 in tumor cells will localize
the effects of the radiation, thereby reducing the off-target effects of conventional
radiation therapy. Two Phase I trials involving NBTXR3 are currently ongoing: one
for adult soft tissue sarcoma [141] and another for head and neck cancer [142].

5 Perspective

Advances in cancer nanotechnology are the culmination of advances made in many
areas of research. They are built on understanding the fundamentals of cell biology,
cancer biology and the identification of cellular mechanisms and morphologies that
present potential therapeutic pathways. The therapeutics discussed in this chapter
have relied upon chemistry for the synthesis of new materials, nanoparticle for-
mation for the stabilization of drugs and new materials, and an understanding of
how the human body traffics and metabolizes these nanoparticles. All areas are
interwoven to create the field of cancer nanotechnology and therefore rely on
advancements in all research areas before new drug outcomes can be achieved. As a
consequence, nanotechnology-based cancer therapeutics is limited by our funda-
mental understanding of cancer. Recently developed nanotechnology-based cancer
therapies have had difficulty showing improved efficacy over the respective gold
standards of their fields, but nanotechnology has played an important factor in
reducing chemotherapeutic toxicity over the years. It is important not to understate
how reducing chemotherapeutic side effects can dramatically improve the quality of
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life for millions of cancer patients. Moreover, it is encouraging that the knowledge
gleamed from decades of clinical trials in cancer nanotechnology can instruct us
with future directions for therapeutic development.

One area with great potential to advance cancer nanotechnology is gene
sequencing. The majority of therapies that have passed through clinical trials up
until now were initiated prior to readily accessible sequencing technology. To some
degree, cancer researchers have been “shooting in the dark,” unable to identify the
differences (and similarities) between cancers on a genetic level. As sequencing has
become more routine and affordable, it has become possible to dissect cancer into
subsets with specific mutations. Gene sequencing, with the advancements of bio-
informatics to process the large amounts of data, will play an important role in the
next wave of cancer therapeutics. We may see new life brought back to previously
unsuccessful therapies or find therapies that are specific to particular cancer
mutations. We have seen several examples in this chapter where cancer therapies
failed in an overall trial but were beneficial to a specific subset of the cancer
patients. This will undoubtedly improve our understanding of cancer and help direct
the right therapies to the right patients. Furthermore, with an improved under-
standing of cancer genetics and therapeutic mechanisms, we will likely discover
combination therapies that can improve cancer treatment where the individual
therapies were not effective alone.

Active targeting is another area that could significantly improve therapeutics.
Currently, all FDA-approved liposomes and albumin-bound chemotherapeutics rely
solely on the EPR effect to passively accumulate in cancerous tissues. Active
targeting could increase efficacy by improving the tumor localization of chemo-
therapeutics and decrease side effects by reducing the amount of drugs in healthy
tissues. Some targeted therapies such as anti-EGFR immunoliposomes and PSMA-
targeting BIND-014 micelles (discussed in this chapter) are already undergoing
clinical trials with promising results. Actively-targeted nanoparticles, however, can
only be as good as their targeting ligands. Although the literature is full of many
different small molecule-, peptide-, protein-, aptamer-, and antibody-based targeting
ligands which work great in vitro, it is often difficult to see improved targeting in far
more complicated in vivo conditions. As targeting ligands improve in both binding
and specificity, we anticipate more targeted therapies will translate to the clinic.

A third area likely to contribute to the advancement of cancer nanotechnology
comes from the field of gene delivery, specifically RNAi therapies (including
siRNA). An siRNA liposome formulation for a hereditary liver disorder is already
in Phase III clinical trials [44] in 2014, just 4 years after its novel lipid component
was first reported in the literature [49]. Many more siRNA therapies are progressing
through the pipelines at multiple pharmaceutical companies across the world, but
cancer-treating siRNAs have lagged behind those of genetic disorders. Because
these siRNA-liposomes often transfect hepatocytes of the liver, it was a natural
choice to first target liver diseases, but the development of new types of liposomes
and targeted liposomes should open up avenues for exploring other cancerous
organs. Furthermore, most cancer-targeting siRNA liposomes only contain one or
two different types of siRNA; since cancer is so heterogeneous and can upregulate
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many oncoproteins, the encapsulation of multiple types of siRNA may be beneficial
and straightforward due to the modular nature of siRNA. One may even envision
tailoring the siRNA sequences to the specific oncoproteins expressed by individual
patients.

In conclusion, the FDA-approval process is a thorough and necessary procedure
for drugs to reach the clinic. Over the past several decades, small molecule che-
motherapeutics, siRNAs, and imaging agents have been formulated with different
nanotechnologies, such as liposomes, polymeric micelles, albumin-bound systems,
polymer-bound systems, and inorganic molecules. A majority of the successful
drugs in the clinic and those described in this chapter were developed over a decade
ago and are variations on a theme: chemotherapeutic-loaded liposomes and albu-
min-bound chemotherapeutics. In the coming years, however, we hope to see some
of the new drugs and nanotechnologies described in this chapter reaching the clinic
and improving the lives of cancer patients.
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