
Cancer Nanotheranostics: Improving Imaging and Therapy by
Targeted Delivery across Biological Barriers

Forrest M. Kievit and Miqin Zhang*

Department of Materials Science and Engineering University of Washington, Seattle, WA 98195
(U.S.A.)

Abstract
Cancer nanotheranostics aims to combine imaging and therapy of cancer through use of
nanotechnology. The ability to engineer nanomaterials to interact with cancer cells at the
molecular level can significantly improve the effectiveness and specificity of therapy to cancers
that are currently difficult to treat. In particular, metastatic cancers, drug-resistant cancers, and
cancer stem cells impose the greatest therapeutic challenge that requires targeted therapy to treat
effectively. Targeted therapy can be achieved with appropriate designed drug delivery vehicles
such as nanoparticles, adult stem cells, or T cells in immunotherapy. In this article, we first review
the different types of materials commonly used to synthesize nanotheranostic particles and their
use in imaging. We then discuss biological barriers that these nanoparticles encounter and must
bypass to reach the target cancer cells, including the blood, liver, kidneys, spleen, and particularly
the blood-brain barrier. We then review how nanotheranostics can be used to improve targeted
delivery and treatment of cancer cells using nanoparticles, adult stem cells, and T cells in
immunotherapy. Finally, we discuss development of nanoparticles to overcome current limitations
in cancer therapy.
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1. Introduction
Cancer remains the second leading cause of death in the Americas and Europe after heart
disease, and the third leading cause of death in the world after heart and infectious
diseases.[1] Years of intense research and billions of dollars in spending have dramatically
increased our knowledge of the causes and biology of cancer, leading to the development of
many improved treatment strategies. Yet, an estimated 7.5 million deaths in 2008 alone were
caused by cancer,[1] signaling the pressing need for newer, even more effective therapies.
Current cancer therapies are largely limited by 1) inability to bypass biological barriers, 2)
non-specific delivery and poor biodistribution of drugs, 3) ineffectiveness against metastatic
disease, 4) drug resistance of cancers, and 5) lack of effective modality for treatment
monitoring.[2-5]

The application of nanotechnology to cancer therapy has the potential to overcome these
challenges by enabling the engineered nanomedicines to navigate the body in very specific
ways. In the past 20 years a number of nanomedicines have been approved for clinical
use.[6, 7] Some have even become the standard of care for specific cancer types.[8] Drawing
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on these previous successes is the field of cancer nanotheranostics (therapeutics and
diagnostics in nanomedicine) which utilizes nanotechnology for the combined imaging and
treatment of cancer using a single nanomedicine.[9] Theranostic nanomedicines, mostly
nanoparticles (NPs) carrying therapeutics, are designed to improve current cancer therapies
by addressing the specific existing limitations.

The ability to monitor treatment in real-time will allow physicians to adjust the type and
dosing of drug for each patient to prevent overtreatment that would result in harmful side-
effects, or undertreatment that would lead to incomplete cancer remission. The ability to see
when a drug reaches a maximum tolerable concentration in off-target organs and a sufficient
concentration in the tumor would be a significant advantage over current treatments, or
separate treatment and monitoring systems. NPs can enable treatment monitoring by either
attaching different imaging moieties or taking advantage of the intrinsic properties of some
NP materials (e.g., superparamagnetism for MRI). While these theranostic NP formulations
are more complex to develop, their potential clinical utility substantiates the investment
required at the front-end.

Bypass of biological barriers such as the immune system, liver, kidneys, spleen, and blood-
brain barrier can increase the amount of therapy that can reach target cancer cells. These
barriers are highly efficient at removing foreign materials from the body and preventing
access to tumors. NPs can be engineered to bypass these barriers for proper trafficking
throughout the body and accumulate in target cells or tissues. Further, systemic distribution
or off-target accumulation of therapeutics can be detrimental to patient health and targeted
biodistribution of NPs can help to diminish these side-effects. NPs can be targeted to cancer
cells in various ways to improve the specificity of treatment. The improved specificity can
also help improve therapy of metastatic disease which involves the cancer spread throughout
the body, and eradicate cancer stem cells which are thought to drive primary and metastatic
tumor growth. Finally, the ability to overcome drug resistance could greatly improve cancer
therapy. NPs can be specifically designed to be insensitive to the resistance mechanisms
acquired by these drug-resistant cancer cells.

In this review, we first outline the different types of NPs currently being developed and their
mechanisms for imaging. We then provide an overview of the different barriers that may be
encountered by nanomedicines in the body and discuss the strategies to bypass these
barriers. A significant focus is given to the blood-brain barrier as this is a major hurdle in the
treatment of brain tumors. We then present various strategies for targeted delivery of cancer
therapeutics, including NP or adult stem cell mediated delivery and cancer immunotherapy.
We further discuss the development of NPs to overcome the drug resistance and treat cancer
stem cells, the major challenges in current cancer therapies. Finally, we review the
nanomedicines which are found most promising for clinical translation.

2. Nanomaterials for Cancer Imaging
Many different types of nanomaterials have been developed to provide contrast in medical
imaging.[10] Some of these materials incorporate an imaging moiety into their design, while
others provide contrast as a result of their intrinsic material properties. Multiple imaging
modalities can also be implemented into a single nanotheranostic design by incorporating
multiple moieties to provide a more complete picture of the disease. Molecular imaging can
identify tumor cell location within the body, and aims to provide information such as
metabolism, expression profile, and stage of the disease.[11] Furthermore, molecular imaging
can reveal early tumor response to therapy that will aid in improving treatment regimens.[5]

An overview of the different types of NPs and examples of the images obtained with these
NPs is provided in Figure 1. Here NPs are broadly classified by the materials they are made
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of, which includes liposomes and micelles, polymers and dendrimers, noble metals,
semiconductors, carbon nanotubes and fullerenes, transition metal oxides, metal-organic
frameworks, and lanthanide series.

2.1. Liposomes, Micelles, Polymers, and Dendrimers
Liposomes[12] and micelles[13] are by far the most widely used and studied nanomaterials
for cancer therapy. These lipid-based nanoparticles (LNPs) are synthesized from lipids
containing a hydrophilic head group and lipophilic tail that spontaneously form spheres at
critical concentrations. Imaging of LNPs is achieved through incorporation of moieties that
can be detected through various imaging modalities. For example, liposomes can
encapsulate fluorescent dyes for optical detection or radionuclides for positron emission
tomography (PET) imaging. The radionuclide copper-64 (64Cu) loaded into liposomes can
be monitored using PET imaging after injection into human colon adenocarcinoma
xenograft mice.[14] Liposomes loaded with rhenium-188 (188Re) can be imaged in mice
using single-photon emission computed tomography (SPECT).[15] Furthermore, magnetic
NPs (discussed below), which are detectible in magnetic resonance imaging (MRI), can be
loaded into LNPs for imaging purposes.[16] LipoCEST agents composed of lanthanide(III)-
based complexes loaded into LNPs provide fairly sensitive MRI detection.[17] Similar to
LNPs, polymer- and dendrimer-based NPs can be imaged through attachment of these
imaging moieties.[18] Also, nanoemulsions of perfluorocarbon (PFC) polymers can be used
for targeted ultrasound and MR imaging.[19] Similarly, liposomes and microbubbles loaded
with stabilized gas bubbles are used in ultrasound imaging owing to the high acoustic
reflectivity of the gas bubbles.[20]

2.2. Noble Metal NPs
Noble metal NPs, such as gold and silver, are optically active due to their unique properties
that arise at the nanoscale, known as surface plasmon resonance which can be used for
imaging applications.[21] Surface plasmon resonance occurs in nanosized noble metal NPs
through excitation and relaxation of surface plasmons at the interface of the NP surface and
surrounding solution. The optical properties of these NPs can be tuned by changing their
size, shape, and surface properties. Their optical activity in the visible spectrum allows for
their detection intraoperatively; however, their low quantum yields make detection
difficult.[22, 23] Engineering these NPs to have more sharp edges (such as in nanocubes) can
improve the quantum yield of gold NPs to allow for their detection in biological
tissues.[23, 24] Furthermore, dark-field imaging of light scattering from noble metal NPs can
detect single NPs highlighting the sensitivity of this method.[25] Nevertheless, their use in
cancer detection is limited to superficial sites due to the limited penetration depth of light,
even in the near infrared range where tissue absorbance is minimal.[26] However, these NPs
can also provide contrast in CT imaging due to their high densities as compared to human
soft tissue which enables non-invasive, real-time imaging of the vast majority of solid
tumors.[27] The high density of the NPs attenuates the X-rays resulting in high contrast
regions where NPs are present. These NPs provide a significant advantage for molecular
imaging over the commonly used CT contrast agents such as iodine owing to their higher X-
ray absorption coefficient, long circulation time in blood, and high surface area for easy
attachment of targeting and therapeutic agents.[28] Furthermore, gold NPs can be used in
photoacoustic imaging where absorbed light causes the NP to emit ultrasonic waves through
thermo-elastic expansion that can be detected by an ultrasound detector.[29] However, this
method is still limited to an imaging depth that is penetrable by the photons used to excite
the NPs.
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2.3. Semiconductor materials
Semiconductor materials have been widely studied for synthesizing NP cores because of
their unique optical properties that arise from the quantum confinement of an exciton at the
nanoscale.[30] The absorption and emission spectra of a semiconductor NP (also known as a
quantum dot or QD) are size-dependent, and thus the optical spectrum of a QD can be fine-
tuned by altering the size of the NP core. Optical properties of QDs can also be engineered
through controlling their shape and surface properties. These QDs show very bright
fluorescence that does not photobleach as organic chromophores do, which allows for long-
term, repeated imaging. Furthermore, the radiative emission from the QD can be tuned to the
visual spectrum to allow for intraoperative imaging. However, the heavy metals commonly
used to synthesize these semiconductor NPs, most commonly cadmium, are highly toxic so
their use in humans may be limited. Strategies have been developed to synthesize cadmium-
free quantum dots to improve their clinical translation.[31] In addition, use of these QDs for
detection or diagnosis of cancer is limited to superficial sites such as skin and esophageal
cancers due to the limited penetration depth of visible light. Near-infrared-emitting NPs
have been developed for deeper tissue penetration, but imaging is still limited to about 3
cm.[32]

2.4. Carbon Nanotubes and Fullerenes
Carbon nanotubes and fullerenes (CNTs) have been investigated for cancer imaging
applications.[33] Both single-walled and multi-walled CNTs have a high surface area and
internal volume for loading of drugs and imaging agents, but alone CNTs are not soluble in
most organic or aqueous solutions. Therefore, surface modification of CNTs is critical for
their use in theranostic applications.[34] Polyhydroxy fullerene can be detected using
photoacoustic imaging and used for photothermal ablation therapy after intratumoral
injection.[35] Furthermore, multi-walled CNTs can be used for photothermal ablation
therapy owing to their release of vibrational energy upon near-infrared light exposure.[36]

However, potential toxicity associated with CNTs must be addressed before clinical
translation.[37]

2.5. Metal Oxide NPs
Magnetic metal oxide NPs have been very widely studied for use as contrast agents in
magnetic resonance imaging (MRI).[38, 39] MRI is a powerful tool for medical imaging
owing to its virtually unlimited tissue penetration depth and thus NPs can be detected
anywhere in the body.[40] Iron oxide NPs, in particular, have received significant attention
owing to their proven biocompatibility and biodegradability. Iron from degraded NPs is used
in the body’s natural iron stores such as hemoglobin in red blood cells.[41, 42] These NPs
develop superparamagnetism at the nanoscale as each particle becomes a single magnetic
domain which is free to rotate at room temperature. In MRI, the superparamagnetic NPs
generate local inhomogeneities in the magnetic field decreasing the signal. Therefore,
regions in the body that have iron oxide NPs appear darker in MR images as a result of the
negative contrast. The relaxivity of iron oxide NPs, or their ability to provide contrast in
MRI, can be improved by tuning the size, shape, and defect type of the NP core.[43]

However, detection of these negative contrast NPs is difficult in low signal intensity tissues
such as the lungs and blood clots. Positive contrast can also be achieved with magnetic NPs,
which can improve detection in low signal body regions.[44] For example, manganese
oxide[45] and gadolinium oxide[46] NPs provide positive contrast in MRI. Furthermore, iron
oxide NPs with core sizes less than 10 nm can provide positive contrast in MRI.[47]

Hyperthermia can be achieved with iron oxide NPs using a rapidly changing magnetic
field.[48] High frequency alternating magnetic fields cause the magnetic moment of the
superparamagnetic NPs to quickly shift through Néel fluctuations, which creates very high
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local temperatures. This mechanism can be used for tumor cell destruction after iron oxide
NPs are internalized by the target cells.

2.6. Metal-Organic Frameworks
Metal-organic frameworks (MOFs) are nanosized structures comprising metal cations and
electron donors such as carboxylates or amines that form coordination bonds and are self-
assembled into highly porous materials.[49] They contain organic molecules that impart
synthetic flexibility so that the crystalline structure, size, and porosity can be engineered
depending on the combination of organic linker and metal cation used in synthesis.
Furthermore, the metal cation chosen can impart magnetic properties for detection in MRI.
For example, gadolinium (Gd) and manganese (Mn) based MOFs have been synthesized for
MR and potential multi-modal imaging.[50] Iron (Fe) based MOFs are detectible in MRI
after intravenous injection into rats, indicating their utility in vivo.[51] Their ease in synthesis
makes MOFs a promising theranostic agent, but scale-up for mass production and reduction
of synthesis times have been difficult.[49, 52]

2.7. Upconverting Nanophosphors
Upconverting nanophosphors (UCNPs) are generally prepared through lanthanide-doping of
NPs.[53] The optical properties of UCNPs are vastly different than those of conventional
fluorophores or QDs. Instead of absorbing a single photon to excite an electron from the
ground state to an excited state of higher energy, UCNPs utilize the accumulation of
multiple low-energy exciting photons to emit a higher energy photon upon relaxation of the
electron back to the ground state. This can provide high sensitivity detection for cancer cell
imaging with lower autofluorescence and long fluorescence lifetimes.[53] Tumor targeted
polyethylenimine-coated hexagonal-phase sodium yttrium fluoride:ytterbium, erbium/
cerium (NaYF4:Yb,Er/Ce) NPs are able to target cancer cells in vitro and in vivo for tumor
visualization.[54] Furthermore, folic acid activated UCNPs have been developed for
targeting and imaging of HeLa cells both in vitro and in vivo.[55] However, imaging depth is
still limited by the ability of light to penetrate tissue which is on the order of 3 mm for near
infrared. X-ray-excitable NPs are another class of lanthanide series NPs, and can be used in
a new dual molecular/anatomical imaging modality, x-ray luminescence computed
tomography (XLCT).[56, 57] These NPs are excited by high energy radiation such as x-rays
rather than by the much lower energy photons of the optical spectrum. This allows for
detection of NPs in tissues or cancers deep in the body. However, the use of high energy x-
rays limits the imaging time that can be performed in a single patient, especially in pregnant
women and children.

2.8. Multimodal imaging
Each of the imaging modalities discussed above have their own advantages and
disadvantages in sensitivity, resolution, and imaging depth. Combining multiple imaging
modalities in a single NP design can exploit the advantages while improving disadvantages
of the individual techniques.[58] For example, PET imaging is one of the most sensitive
imaging techniques, but provides no anatomical information. Therefore, PET imaging has
been combined with X-ray computed tomography (CT) which provides the needed
anatomical information for accurate staging and localization of the disease. In fact, PET/CT
imaging platforms have been commercially available for many years and are routinely used
for early detection of cancer recurrence and localization.[59] Therefore, the attachment of a
radionuclide on a high density NP core could provide both the high sensitivity of PET along
with the anatomical localization with CT in a single theranostic agent.[60] Iron oxide NPs
labeled with a fluorescent dye can potentially be used for pre-surgical planning and
diagnosis using MRI, and intraoperative assistance in distinguishing tumor from healthy
tissue using fluorescence imaging.[61]
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Tri-modal imaging with MRI, CT, and fluorescence combines the strengths of these
individual imaging modalities, including spatial and temporal resolution and sensitivity.
Gold/silica NPs that have a lipid and polyethylene glycol (PEG) coating containing
fluorescent molecules and paramagnets have been developed for this application.[62] In this
design, the gold NP core provides contrast in CT, the paramagnetic lipid provides contrast in
MRI, and a Cy5.5 fluorophore provides contrast in optical imaging (Figure 2).

3. Bypassing Biological Barriers
The body has evolved many strategies to attack and remove foreign materials (e.g., bacteria,
viruses, medical implants, and drugs) that have been introduced into the body. This imposes
a great difficulty for nanotechnologists aiming to develop cancer nanotheranostic devices
since these devices will be eliminated from the body before they have a chance to reach the
target disease site. Therefore, the understanding of the barriers imposed by a biological
system is critical to the design of nanomedicines. The barriers imposed by the body can be
broadly classified as physiological barriers and cellular barriers.[63] Cellular barriers include
the cell membrane, endosome/lysosome, and intracellular trafficking. Physiological barriers
include the blood, liver, spleen, kidneys, immune system, and the barriers that prevent
extravasation of foreign substances from the blood (Figure 3a-d). The extravasation from the
blood to reach brain tumors is particularly difficult due to the blood-brain barrier (BBB)
(Figure 3e).

3.1. Extracellular Barriers
Blood is a highly complex fluid composed of salts, sugars, proteins, enzymes, and amino
acids that can destabilize NPs causing aggregation and embolism. Furthermore, blood
contains immune cells such as monocytes that can recognize and remove foreign materials
from circulation. NPs must be highly stable and avoid the recognition by the immune system
to prolong the blood half-life and increase access to the tumor. This is commonly achieved
through the passivation of the NP surface with biocompatible polymers.[64] For example,
iron oxide NPs coated with triethoxysilylpropyl succinic anhydride and polyethylene glycol
show good stability in biological media for five months.[65] These polymers confer a brush
border on the surface of the NPs, which helps prevent NP aggregation and recognition by
the immune system. Furthermore, these polymers can help reduce the zeta potential (a
measure of the surface charge) of the NP towards neutral by providing a physical barrier
between the blood components and charged NP surface. Highly cationic NPs readily bind
anionic plasma proteins (opsonization), which can destabilize the NP and promote
recognition by the immune system, therefore neutral NPs are desirable for their stability in
blood. Enzymes present in the blood can degrade the NP and its therapeutic payload.
Passivation of the NP surface with biocompatible polymers can also protect the NP from
enzymatic degradation. Furthermore, encapsulating the therapeutic payload in the interior of
the NP can help prevent enzymatic degradation.

The liver, spleen, and kidneys confer hydrodynamic size restraints on NPs to be between
10–100 nm in diameter (Figure 3c and d). Macrophage cells of the liver and spleen, such as
Kupffer cells that line the hepatic sinusoids in the liver, readily eliminate and metabolize
materials larger than approximately 100 nm from the blood. Therefore, NPs smaller than
100 nm show reduced liver and spleen uptake.[7, 66] The kidneys filter metabolites and
toxins from the blood by filtration through the basal lamina which has pores of
approximately 10 nm. NPs with hydrodynamic diameters larger than 10 nm show reduced
renal filtration.[67]

Finally, the NPs must extravasate from the blood at the diseased site to enable designated
functions (Figure 3b). For many tumors, NP accumulation in tumors occurs by the enhanced
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permeability and retention (EPR) effect wherein leaky vasculature combined with minimal
lymph drainage at the tumor site promotes the accumulation of materials between 30–200
nm in size. Leaky vasculature in the tumor is a result of highly metabolizing cancer cells that
stimulate rapid and poorly organized neovascularization. The new blood vessels lack
structured fenestrations, which enables efficient extravasation of nanosized materials of up
to several hundred nanometers into the tumor.[68] These materials are then retained in the
tumor site due to the lack of lymphatic drainage. PEGylation of NPs promotes NP
accumulation in the tumor through the EPR effect, generally through prolonged blood half-
life which increases the probability of the NP reaching the tumor.[69] However, the case with
brain tumors is much more complex due to the presence of the BBB.

3.2. The BBB
Of the physiological barriers, the BBB is one of the most difficult to overcome in order to
deliver nanomedicines into the brain. The BBB is composed of a dense layer of endothelial
cells connected by tight junctions that prevent passive accumulation of many molecules into
the brain. This is a significant challenge in brain cancer therapy as many potentially
effective therapies are unable to reach target brain cancer cells. Pathways across the BBB
include both passive and active mechanisms (Figure 3e).[70] Passive pathways include
aqueous paracellular in which small (< 200 Da) water soluble molecules can diffuse from
the blood between tightly packed endothelial cells into the brain. Also, lipid soluble agents
such as ethanol and barbiturates are able to passively accumulate in the brain through the
lipophilic pathway where these lipid soluble agents can diffuse through the cell membrane.
Active transport mechanisms include adsorptive transport and receptor-mediated
transcytosis. Adsorptive transport occurs with charged plasma proteins that interact
electrostatically with endothelial cells of the BBB. Receptor-mediated transcytosis occurs
naturally for the transport of insulin and transferrin into the brain. Furthermore, there are
transport proteins that bind and actively traffic small molecules such as glucose and amino
acids into the brain. Both active and passive transport mechanisms can be utilized by
properly-designed NPs to gain access to the brain.

Even in tumors where the BBB is disrupted, such as with metastases to the brain, uptake of
drug into the tumor site is still extremely low due to the blood-tumor barrier (BTB).[71] The
endothelial cells that are recruited to the brain-residing tumor during angiogenesis likely
arise from parent endothelial cells that form the BBB, so they still form tight junctions and
highly express efflux pumps that remove substances from the tumor site. The resulting BTB
prevents chemotherapies from reaching brain metastases, resulting in little therapeutic
effect.[72]

3.2.1. Disrupting BBB integrity—One way to gain access across the BBB is to
physically disrupt the BBB so that delivered NPs can penetrate into the brain reaching brain
cancers through the paracellular aqueous pathway. This has been commonly achieved
through injection of vasodilators such as bradykinin and histamine which widen blood
vessels causing the gaps between endothelial cells in the BBB to increase in size, or with
hyperosmotic solutions of mannitol that cause the endothelial cells to shrink.[73] This
strategy can increase accumulation of dextran coated magnetic NPs in rat glial brain
tumors.[74] Another method to physically disrupt the BBB integrity is through use of low-
energy burst tone, focused ultrasound in the presence of microbubbles.[75]

Magnetic targeting can be combined with the focused ultrasound BBB disruption method to
further improve magnetic NP access across the BBB.[76] The ultrasound disruption provides
an EPR effect for NPs to passively accumulate in the brain while the magnetic field actively
pushes the NPs into the desired region of the brain. However, the clinical utility of these
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BBB disruption strategies are hindered by the danger associated with opening the BBB,
which also allows the access of unwanted foreign substances. Furthermore, observed pre-
clinical efficacy has not translated well in clinical trials,[70, 77] perhaps due to the presence
of the BTB even when the BBB is disrupted.

An alternative strategy is to knockdown the expression of genes involved in the formation of
the tight junction in the BBB. This could provide transient access to the brain since
expression of these genes would return. Delivery of siRNA against claudin-5, a
transmembrane protein present in tight junctions, to endothelial cells provides size-selective
opening of the BBB.[78] This method has a significant advantage over the other disruptive
strategies since the BBB could be opened just enough to allow nanomedicines to enter while
maintaining the natural defense against larger bacteria and viruses.

3.2.2. Convection enhanced delivery—Convection enhanced delivery (CED) is a
method for delivery of macromolecules throughout the brain by circumventing the BBB.[79]

CED involves injection of solution into the interstitial space in the brain at a rate that is high
enough to induce fluid convection throughout the brain by a pressure gradient, but not too
high so that the fluid would leak back up the cannula tract and out of the brain. This strategy
has been used for delivery of NPs throughout brain tumors in animal models.[80] For
example, epidermal growth factor receptor variant III (EGFRvIII) antibody conjugated iron
oxide NPs can be delivered to brain tumors through CED in a mouse model of
glioblastoma.[81] The EGFRvIII antibody acts as a glioblastoma targeting agent that also
provides therapy. These NPs show good distribution in the brain and accumulation in the
brain tumor resulting in an increased survival rate. However, the translation of CED to
widespread clinical use has been hindered by low efficacy.[82] A prospective phase I/II
clinical study using CED to deliver NPs in brain cancer patients found that the therapeutic
effect was restricted to a small area around the infusion site.[83] This is likely due to the size
dependence of CED where smaller molecules better penetrate and distribute throughout the
brain tumor.[79, 84]

A similar, but opposite approach to CED is retro-CED which removes fluid from the
interstitial space in the brain to increase the pressure gradient from the vascular
compartment into the brain.[85] This is achieved by placing a catheter, through which a
hyperosmotic fluid is pumped, in the brain, which drives fluid flow from the interstitial
space in the brain into the catheter. This can be problematic, however, if the delivered
therapy can permeate through the membrane of the catheter since it will be removed from
the brain.[86]

3.2.3. Active transport—Active transport across the endothelial cells can be exploited to
gain access across the BBB by attaching BBB-penetrating ligands to the surface of NPs.
This is advantageous over other disruptive or invasive strategies since the body’s natural
defenses remain intact and is not invasive. Magnetic NPs activated with myristoylated
polyarginine peptides are able to penetrate endothelial cells to gain access to stereotactically
implanted brain tumors.[87] Furthermore, these cell penetrating peptides help increase uptake
into tumor cells for improved retention for MRI monitoring.

Transferrin acts to move free iron in the blood into cells through active transport mediated
by the transferrin receptor. This receptor is expressed by many tissues including endothelial
cells of the BBB. However, the plasma concentration of transferrin is approximately 25 μM
causing the transferrin receptor to be saturated, limiting the in vivo utility of transferrin as a
BBB penetration molecule.[88] In fact, in a study comparing four other targeting ligands
(RI7217, COG133, angiopep-2, and CRM197) attached to liposomes, transferrin did not
mediate BBB penetration.[89] Of these five targeting ligands, only RI7217 is able to
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significantly enhance permeation across the BBB in vivo in mice. Despite this, some success
with transferrin activated NPs has been achieved for brain tumor targeting, but most of these
studies have been performed using in vitro models of the BBB without the transferrin
receptor saturation.

As an alternative, the transferrin antibody OX26 has been used extensively for delivery of
various drugs and biologics across the BBB.[90] It was developed to couple to PEGylated
liposomes for drug delivery into the brain.[91] OX26 is able to gain access to the brain across
the BBB through transcytosis after interacting with the transferrin receptor.[92]

Lactoferrin is a receptor in the transferrin family, and another alternative to transferrin for
targeting of brain tumors across the BBB. Unlike transferrin, lactoferrin has a low
endogenous plasma concentration, and its receptors are highly expressed on the surface of
brain tumor cells.[93] Superparamagnetic iron oxide NPs activated with lactoferrin are able
to accumulate in an intracranial model of glioma, but penetration across the BBB was not
investigated although it was suggested.[94] Non-viral gene delivery to the brain has also been
achieved using lactoferrin activated polyamidoamine NPs.[95]

Chlorotoxin (CTX) activated iron oxide NPs are also able to cross the BBB to target
medulloblastoma brain tumors,[96] likely by receptor-medicated transport through
endothelial cells. Annexin A2 is expressed on the surface of neovasculature and is a target of
CTX.[97] This represents a likely mechanism for transport. A transgenic mouse model of
medulloblastoma provides an ideal model for delivery of NPs across the BBB into brain
tumors since the disease progresses similar to the clinical progression, and it has a viable
BBB.[98] NPs without CTX are not found in the brain tumor or healthy brain tissue after
intravenous injection into these transgenic mice, whereas NPs conjugated with CTX are
significantly taken up by brain cancer cells after crossing the BBB.[96]

Table 1 highlights the various NPs utilized for active transport across the BBB including the
associated ligands used for active transport, and their physiochemical properties (size and
zeta potential). These studies reveal that controlling NP physiochemical properties alone
may not be enough to breach the BBB, highlighting the necessity of BBB permeating
ligands. NPs of sizes between around 30–600 nm and zeta potentials between +20 mV to
−20 mV are all unable to cross the BBB alone, but are able to do so when a BBB permeating
ligand is attached. Despite these many successes in animal models, BBB penetrating NPs are
still a fairly new class of drug and remain in pre-clinical development.

3.2.4. Long-range axonal transport across the BBB—A potential access point
across the BBB can be learned from pathogens which employ long-range axonal transport
from nerve endings to cell bodies residing within the brain.[99] Neuronal infections that
cause rabies, tetanus, and botulism are a result of this type of transport into the brain. These
pathogens utilize receptors at nerve endings at neuromuscular junctions to be taken up into
the neuron, and then are actively transported across the BBB through neuronal projections
that connect with the cell body of neurons. Active transport along intracellular microtubules
occurs through binding cytoplasmic kinesin, dynein, and dynactin which naturally transport
organelles along microtubules. To our knowledge, this pathway has not yet been exploited
for NP delivery across the BBB, but we see it as an exciting avenue that should be explored.

3.3. Cellular Barriers
Once the NP has extravasated from the blood into the tumor site it must be taken up by the
cancer cells to deliver the therapeutic payload. The cell membrane consists of a negatively
charged phospholipid bilayer that separates the inside of the cell from the extracellular
space. Entry into the cell can occur by direct permeation through the cell membrane or by
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various forms of endocytosis, followed by intracellular trafficking to the target subcellular
organelle (Figure 4).

Direct permeation through the cell membrane can be achieved by small, hydrophobic
molecules, but with NPs it is more difficult due to their larger size. Attachment of certain
cell-penetrating peptides to NPs has shown to bypass endocytosis and enable direct
permeation through the cell membrane.[100, 101] For example, polyarginine conjugated iron
oxide NPs loaded with siRNA are able to permeate across the cell membrane for direct
access to the cytoplasm.[100] Transmission election microscopy (TEM) imaging reveals the
NPs gain entry to the cytoplasm of the cell without endocytic vesicles.

Most NPs are taken up by cells through endocytosis mechanisms which include receptor-
mediated endocytosis and adsorptive endocytosis, mainly via clathrin-coated pits.[102, 103]

Uptake of NPs can also occur through phagocytosis which is the main uptake mechanism
into macrophage cells, caveolae-mediated endocytosis which occurs in non-clathrin-coated
plasma membrane buds present on the surface of some cells, macropinocytosis which is a
fluid-phase endocytosis mechanism, and other mechanisms that do not involve clathrin or
caveolae.[103] The uptake mechanism of NPs can have a determinant effect on subsequent
intracellular trafficking. For example, NPs taken up via clathrin-coated pits enter acidic
endosomes/lysosomes where the reduction in pH activates destructive enzymes. On the
other hand, NPs taken up via caveolae in lipid rafts may not be transported to endosomes or
lysosomes.[104, 105] Perfluorocarbon nanoemulsions loaded with siRNA are taken up
through lipid rafts and show enhanced gene knockdown efficiency in endothelial cells in
vitro as compared to liposomes taken up through clathrin-coated pits.[104] Cationic NPs that
interact electrostatically with the anionic cell membrane are taken up through adsorptive
endocytosis. Also, anionic NPs can interact with cationic proteins embedded in the cell
membrane for adsorptive endocytosis. Polystyrene NPs with zeta potentials of +59 mV or
−60 mV show similar uptake in HeLa cells indicating that electrostatic adsorptive
endocytosis can occur with both highly anionic and cationic NPs.[106]

Receptor-mediated endocytosis is achieved by attaching a molecule to the surface of the NP
that is recognized by receptors on the surface of the cell, a strategy used for targeted NP
delivery (discussed in section 4.1). Upon binding a cell surface receptor, the cell will engulf
the NP by wrapping the cell membrane around the NP and pinching off the endocytic vesicle
inside the cell. However, the presence of a targeting molecule alone does not ensure optimal
uptake of NPs. The size of the receptor-targeted NP also has an effect on uptake. NPs with a
size around 50 nm show the greatest uptake through the receptor mediated endocytosis
pathway.[107, 108] This size-dependent uptake is attributed to the “wrapping time” it takes the
cell to fully engulf the NP.[108, 109] NPs smaller than 50 nm lack the free energy necessary to
completely wrap the NP on the surface of the cell membrane, and NPs larger than 50 nm
require longer wrapping times due to slower receptor diffusion kinetics of the cell membrane
around the NP.

Once the NP has been taken up by the cell, proper trafficking to the intracellular site of
action can dramatically improve the therapeutic efficacy of the delivered drug. First, if the
NP is taken up through the endocytosis pathway, it must escape the endosome before
enzymes become active in the reduced pH of the lysosome. Next, the NP must localize to
the intracellular site of action such as the cytoplasm, nucleus, mitochondria, Golgi
apparatus, or cytoskeleton. Finally, the drug or therapy must become available to interact
with its target while still attached to or after release from the NP.

Endosomal escape can be achieved with cationic liposomes that fuse with the endosomal
membrane to release the liposomal components into the cytoplasm through a three-step
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process.[110] The liposome first binds to the cell surface and becomes endocytosed. The
cationic lipids from the liposome reorganize the anionic phospholipids from the endosomal
membrane, which destabilizes the endosome. The destabilized endosome and neutralized
liposome then release the therapeutic payload into the cytoplasm. Amphiphilic fusogenic
peptides are also used to escape the endosome.[111] These peptides undergo a structural
change in the environment of reduced pH from inert to hydrophobic α-helices that can fuse
with and disrupt the endosomal membrane to gain access into the cytoplasm. Finally, escape
from the endosome can be achieved through the proton sponge effect where a polymer,
generally with tertiary amines with low pKa values, buffers the influx of protons that reduce
the pH of the endosome/lysosome. This influx is followed by counter ions which disrupts
the osmotic balance between the endosome and cytoplasm, causing the endosome to swell
and rupture releasing the endocytosed NPs into the cytoplasm.[112]

After gaining access to the cytoplasm of the cell, the NP can be directed to the intracellular
site of action of the drug.[113] For example, transport to the nucleus is required for DNA and
chemotherapy drugs, such as doxorubicin and cisplatin, to be effective. Transport of DNA to
the nucleus has been achieved using polyethylenimine (PEI),[114] exploiting the active
nuclear transport mechanism by coupling nuclear localization signal (NLS) peptides directly
to NPs,[115] and using intracellular actin polymerization as a molecular motor to traffic the
delivered payload to the nucleus.[116] Cytoplasmic delivery is required for anticancer drugs
such as small interfering RNA (siRNA), proteins, and some chemotherapy agents. Delivery
of siRNA to the perinuclear region of the cytoplasm can improve gene knockdown
efficiency since this is the region where messenger RNA (mRNA, the target for siRNA) is
translated into protein. Delivery to the cytoskeleton is required for drugs such as paclitaxel
and Vinca alkaloids.[117] These drugs stabilize microtubules which are a key component of
the cytoskeleton, and prevent their degradation during cell division, resulting in apoptosis.
Transport to the mitochondria is required for the therapy using geldanamycin, a drug that
binds mitochondrial heat shock protein 90 in tumor cells, resulting in collapse of
mitochondria function and tumor cell death.[118] Selective transport to the mitochondria can
be achieved with cyclic guanidinium moieties, which is the strategy used in the development
of gamitrinibs for intracellular targeting of geldanamycin to mitochondria.[118]

4. Targeted Therapy
Targeted therapy refers to the specific treatment of cancer cells while leaving healthy cells
unharmed, but has been rarely achieved. The goal is to kill off all of the cancer cells before
killing off too many healthy cells. This is difficult with standard chemotherapies which are
toxic to both healthy and cancerous tissues. Nanotechnology can be used to improve drug
accumulation specifically to the tumor site using various mechanisms such as passive and
active targeting. Furthermore, activation of the immune system against cancer cell specific
surface markers can be used as a targeted therapy since the immune system is highly
evolved to specifically recognize and remove target cells.

4.1. NPs as Drug Carriers
NP-based therapy can provide a significant advantage over standard chemotherapies by
increasing the drug delivery specificity to the tumor site through either passive or active
means. Figure 5 provides an overview of the various methods for improving drug
accumulation within the tumor and at the intracellular site of action. NPs may passively
accumulate in the tumor site due to the EPR effect, with PEGylation enhancing this effect.
The attachment of a targeting ligand (active targeting) can promote cellular uptake and
distribution of the NP throughout the tumor,[119] and proper engineering of the NP can
ensure the desired intracellular trafficking. The NP design can also utilize light, pH,
ultrasound, and magnetic fields for targeting and distribution throughout the tumor.
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Passive accumulation of NPs at the tumor site for drug delivery through the EPR effect has
been exploited clinically using the NP formulations Myocet and DaunoXome which are
liposomal formulations of doxorubicin and daunorubicin, respectively. For maximal tumor
uptake through the EPR effect, the NP must have a long circulation time in the blood, which
is commonly achieved through PEGylation of the NP.[120] This was the goal in the
development of Doxil, a PEGylated liposomal formulation of doxorubicin. However, Doxil
shows no improvement in time of survival in metastatic breast cancer patients.[121] This is
likely due to poor penetration into the tumor and thus only a small proportion of tumor cells
receive treatment.[122] The addition of a tumor targeting antibody to the surface of Doxil
improves its therapeutic efficacy both in vitro and in vivo by enhancing the uptake of Doxil
into tumor cells.[123]

Active targeting involves the attachment of a targeting ligand on the surface of the NP that
recognizes receptors overexpressed on cancer cells. These targeting ligands can include
antibodies, antibody fragments, peptides, aptamers, and small molecules such as folic acid
or glucose that target the metabolism of cancer cells.[39, 63] For example, glypican-3 (GPC3)
is absent in normal adult tissue, but is highly expressed on the surface of 80% of cells of
hepatocellular carcinoma (HCC), a common and deadly form of liver cancer.[124] This
represents an ideal target receptor since no off-target specific uptake would occur. PEG
coated iron oxide NPs show significantly higher uptake using anti-GPC3 antibody targeting
in GPC expressing cells as compared to GPC-negative cells, and can be detected both
optically with fluorophore conjugation and using MRI due to the iron oxide magnetic
core.[125] Various other antibodies that target receptors overexpressed on the surface of
cancer cells such as human epidermal growth factor receptor-2 (HER2/neu), EGFR, tumor
necrosis factor-α (TNF-α), and vascular endothelial cell growth factor (VEGF) are attached
to NPs to achieve cancer cell targeting.[126]

Peptide activated NPs can also bind cancer cell surface receptors for targeted delivery. CTX
is a peptide derived from the venom of the giant Israeli scorpion that targets matrix
metalloproteinase-2 overexpressed on the cell surface of cancers such as malignant glioma,
medulloblastoma, prostate cancer, intestinal cancer, and sarcoma.[127] CTX activated iron
oxide NPs have desirable pharmacokinetics and biodistribution,[128] and show excellent
targeting of cancer cells both in vitro and in vivo.[41, 61, 96, 129]

Also, the highly active metabolism of cancer cells can be targeted using small molecules
such as folic acid attached to the surface of NPs.[130, 131] Highly metabolizing cancer cells
require folic acid for various biochemical pathways such as DNA biosynthesis and DNA
repair. Therefore, the folate receptor is overexpressed on the surface of many types of cancer
cells to sequester folic acid. Iron oxide NPs coated with a monolayer of PEG and activated
with folic acid show cancer cell specific uptake in human adenocarcinoma cells, and can be
monitored using MRI.[130]

Pre-targeting is an alternative approach to targeted deliver therapies. The pre-targeting
strategy employs a targeting ligand conjugate to pre-label cells, followed by treatment with
NPs that recognize the targeting ligand conjugate on the cell surface. This strategy provides
the ability to use a single NP formulation for targeting multiple cancer cell targets. For
example, biotin activated iron oxide NPs can be used to specifically bind to fusion proteins
that contain an antibody fragment and an avidin.[132] Therefore, the same NP system can be
used for any antibody-avidin fusion protein that is developed for specific cancer cell types.
Furthermore, a cycloaddition reaction can be utilized for NP recognition of pre-labeled
cells.[133, 134] Here, antibodies are modified with trans-cyclooctene (TCO) and NPs with
tetrazine (Tz).[134] The bioorthogonal reaction between TCO and Tz is similar to the avidin-
biotin reaction in that it is fast, chemoselective, does not require a catalyst, and can occur in
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serum, but unlike avidin-biotin this reaction is covalent. This strategy provides a 3-fold
higher labeling efficiency of cells with NPs as compared to the avidin-biotin system.

While many studies have shown that targeting increases the accumulation of NPs at the
tumor site, recent work has shown the targeting agent actually improves NP uptake into
target cancer cells and distribution throughout the tumor.[135, 136, 137] For example, targeted
polymeric NPs composed of heparin, folate (the targeting agent), and paclitaxel (HFT-T)
show similar biodistribution and tumor accumulation as compared to non-targeted polymeric
NPs composed of heparin and paclitaxel (HT-T) (Figure 6a and b).[136] However,
histological and flow cytometry analyses reveal HFT-T provides a significantly higher
uptake into cancer cells (Figure 6c and d), which results in improved tumor growth
inhibition.

NPs developed for targeted gene delivery to brain cancer also show improved cell uptake
and distribution throughout the tumor.[137-139] Iron oxide NPs coated with a copolymer
comprising chitosan, PEG, and PEI and loaded with green fluorescent protein (GFP)
encoding plasmid DNA offer a means to monitor tumor uptake with MRI of the NP core and
successful intracellular delivery through for optical detection of GFP expressing transfected
cells.[137] The NPs loaded with DNA (NP:DNA) and activated with CTX (NP:DNA-CTX)
to achieve targeted DNA delivery. Both NP:DNA and NP:DNA-CTX accumulate at the
tumor site to a similar degree in mice containing xenograft tumors of brain cancer, showing
the addition of CTX does not increase the localization of NP to the tumor. However,
fluorescence imaging of the tumor to detect GFP expression shows significantly higher GFP
expression in tumors from NP:DNA-CTX treated mice as compared to NP:DNA treated
mice. Histological analysis confirms the increased GFP expression is due to the enhanced
distribution of NP:DNA-CTX throughout the tumor, and thus a higher proportion of cells
are exposed to and transfected by the NP. These examples highlight the importance of a
targeting agent in the delivery of therapies to solid tumors.

Active targeting can also direct the NP to specific cells of the tumor stroma that promote
tumor growth, as well as cancer cells. The tumor stroma includes the non-cancerous cells in
the tumor microenvironment such as endothelial cells which increase blood flow to the
tumor, macrophages which diminish anti-tumor immune responses and promote tumor
growth, and fibroblasts which also inhibit anti-tumor immune responses and provide
structural support. This tumor stroma targeting has been shown with PEGylated iron oxide
NPs activated with one of two peptides: arginine-glycine-aspartic acid (RGD) to target
tumor-associated endothelial cells or CTX to target brain cancer cells.[140] Mice bearing
xenograft human brain tumors injected intravenously with either NP-RGD or NP-CTX show
similar tumor contrast enhancement in MRI. Fluorescence imaging reveals, however, that
NP-RGD accumulates in the endothelial cells of neovasculature whereas NP-CTX
distributes throughout the tumor in both endothelial cells and cancer cells. This selective
targeting can help localize delivered drug to desired target cells.

Active targeting of tumors can also be achieved through surface engineering of NPs to alter
their tumor penetration properties. Modeling and tumor cylindroid studies reveal that
cationic NPs are readily taken up by tumor cells, but do not penetrate into the core of the
tumor sphere, whereas anionic NPs can readily penetrate deeply into the tumor but are
poorly taken up by tumor cells.[141] In order to increase the penetration into the tumor and
promote cellular uptake, NPs can be engineered to reverse charge in the acidic tumor
microenvironment.[142] This charge-reversal strategy generally protects amine groups on the
surface of NPs through a pH sensitive bond to render an anionic or neutral NP, ideal for
proper navigation through the body. Upon entering the acidic tumor microenvironment, the
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amine groups become deprotected and generate a cationic NP that can be readily taken up by
cells.

Deprotection of amine groups can also aid in therapy by exposing target cells to highly
cationic, toxic molecules such as PEI, along with enhancing cell uptake. PEI with primary
amines blocked with citraconic anhydride and attached to iron oxide NPs coated with PEG
can be modified with anti-GFP siRNA to knockdown transgene expression and CTX as a
targeting agent.[143] Blocking the primary amines of PEI completely suppresses the toxic
effect of PEI which is be reversed at acidic pH present in the tumor microenvironment and
endosome of the cell. These NPs show selective gene knockdown in and toxicity to target
cells at acidic pH 6.2 as compared to normal physiological pH 7.4. This shows how the
tumor microenvironmental approach can be used to improve targeted therapy to cancer.

This microenvironment targeting approach can be used along with a tumor targeting ligand
to enable higher specificity to the tumor. It has been employed for targeted delivery of
chemotherapeutic drug to tumors.[144] Polymeric micelles loaded with doxorubicin and
activated with trans-activator of transcription (TAT) peptide provide efficient cellular
internalization and tumor cell kill. Under physiological conditions the TAT peptide is hidden
by the micelle surface whereas in the acidic tumor microenvironment the TAT peptide
becomes exposed and interacts with the tumor cell surface for uptake. These NPs are able to
reduce xenograft tumor size and slow subsequent growth after intravenous injection.

Furthermore, activatable cell penetrating peptides (ACPPs) show enhanced tumor
accumulation by selectively becoming active in the tumor microenvironment of high
enzymatic activity.[145] These ACPPs comprise a polycationic cell penetrating peptide
(CPP) that is linked to a polyanionic peptide through a protease cleavable linker. Therefore,
the CPP does not interact with cells until the polyanionic peptide is cleaved by proteases
present in the tumor microenvironment. This strategy improves the delineation of tumor
boundaries when attached to fluorescent NPs resulting in more thorough tumor removal
during surgery in mice containing xenografts.[146]

Strategies utilizing external forces can also improve penetration of NPs into tumors. This
provides another means for affecting a larger proportion of target cells without the need of a
targeting ligand. Pulsed ultrasound enhances the penetration of NPs or microbubbles into
tumor spheroids in vitro.[147] The ultrasound reduces the packing density of cells, which is a
major barrier to the penetration of drugs deep into tumors,[148] through the cavitation of
microbubbles which produce significant mechanical impacts on the cells and extracellular
matrix. Similarly, magnetic NPs can be pulled into the tumor site by a driving magnetic
field. Iron oxide NPs injected intravenously into mice bearing xenograft breast tumors show
significantly higher accumulation and retention in tumors at the presence of a magnetic field
generated by a neodymium iron boron magnet placed over the tumor for 1 hr after injection
of NPs.[149] However, this magnetic field-mediated targeting is only feasible with tumors
accessible to an external magnet. The strong decrease in magnetic field strength in deeper
tissues such as lung, liver, and brain, limits active accumulation of magnetic NPs. Tumors in
these tissues could be magnetically targeted through magnetic resonance navigation (MRN)
which utilizes a modified MRI scanner to produce gradients of up to 400 mT m−1 to direct
NPs to specific locations in the body.[150]

4.2. Stem Cells as Drug Carriers for Targeted Delivery
Adult stem cells such as mesenchymal stem cells and neural stem cells have recently
received considerable attention for use as drug and NP carriers. The goal is to exploit the
tumor homing properties of these stem cells to actively deliver the therapeutic payload or
imaging agent to the tumor site. This active targeting is different than the active targeting
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achieved with NPs alone; stem cells are able to home to the tumor site whereas NPs with
active targeting increase the chances of sticking to and being internalized by tumor cells.
Two different types of adult stem cells have been studied, mesenchymal stem cells (MSCs)
and neural stem cells (NSCs). Both can be loaded with NPs without affecting their normal
cellular function, and can be tracked using MRI for at least 6 weeks after implantation into
rats.[151] Using stem cells and NPs together can promote the active targeting of NPs to a
larger proportion of cancer cells, and can help improve stem cell-mediated drug delivery
through imaging.

MSCs were first discovered in the stromal compartment of bone marrow and give rise to
connective tissue, skeletal muscle cells, and cells of the vascular system.[152] MSCs home to
wound sites to aid in healing, and since the tumor microenvironment consists of many
signaling factors also present in a site of inflammation, MSCs migrate to tumor regions as
well. Signaling factors in the tumor microenvironment that aid in MSC recruitment include
tumor growth factor-β (TGF-β), interleukin-6 (IL-6), cyclophilin B, hepatoma-derived
growth factor (HDGF), urokinase-type plasminogen activator (uPA), monocyte chemotactic
protein-1 (MCP-1), VEGF, and fibroblast growth factor-2 (FGF2).[153] While MSCs
promote tumorigenesis, they can be employed to deliver drugs specifically to the tumor
site.[154] MSCs are seen as a promising cell-based therapy owing to their ease in isolation
(mainly from bone marrow) and expansion in vitro, in sharp contrast to NSCs which are
difficult to prepare in sufficient amounts. Systemically-injected interferon-β (IFN-β) and
cytokine expressing MSCs are able to reduce tumor growth through induced local immune
response against tumor cells.[155] Furthermore, MSCs have been used to deliver tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) to tumor sites to induce apoptosis
in cancer cells.[156] MSCs stably transfected to produce TRAIL are able to penetrate the
tumor and act as a reservoir that slowly releases the therapeutic protein.

MSCs have been used to deliver many other types of drugs including conditionally
replicating adenoviruses which inhibit tumor growth both in vitro and in vivo,[157] pro-toxin
converting enzymes such as herpes simplex virus-thymidine kinase (HSV-tk) and cytosine
deaminase which convert harmless compounds into toxic drugs,[158] and antibodies to
inhibit cancer cell function.[159] MSCs can actively penetrate deep into the tumor
microenvironment so that a higher proportion of cells would be exposed to the therapy. The
variety of therapies MSCs have delivered to tumor sites indicates that they should be an
effective vehicle for targeted delivery of theranostic NPs which may allow for both drug
delivery and monitoring. In fact, a variety of NP formulations have been loaded into MSCs
for targeted delivery to tumor sites.[160, 161]

Furthermore, magnetic NP and QD labeled MSCs[162] can be tracked using MRI and
fluorescence imaging, respectively.[163] This strategy of MRI tracking of MSCs has been
utilized to monitor MSC homing to lung metastases.[164] MSCs loaded with iron oxide NPs
and injected intravenously into a mouse model of pulmonary metastases, could be observed
homing to metastatic sites 1 hr after injection through MRI (Figure 7).

Neural stem cells (NSCs) can also be utilized for tumor specific NP delivery. Adult NSCs
reside in the CNS and give rise to cells of the neuroectodermal lineage. NSCs show
extensive tropism to experimental glioma and thus should function well as a delivery vehicle
for multifunctional NP delivery to brain tumors.[165] Differently engineered NSCs have been
shown to improve survival and cancer cell kill in animal models of glioma.[160]

Furthermore, magnetic NPs loaded into NPCs are able to attenuate melanoma tumor growth
through hyperthermia by an alternating magnetic field in a xenograft mouse model.[166]

However, the technical challenges involved in the isolation of NSCs remain a major hurtle
in their widespread use and development as vectors for NP delivery.
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4.3. NPs in T Cell Based Immunotherapy
T cells have been the target for some NP based therapies for diabetes, arthritis, and
transplant rejection.[167] In these cases the goal is to inhibit the immune response to prevent
inflammation or rejection of implants or transplants. Conversely, cancer immunotherapy
requires the activation of the immune system which is normally suppressed in the tumor
microenvironment.[168] T cells are a type of white blood cell of the immune system and are
involved in cell-mediated immunity. Adoptive T cell therapy involves removing T cells
from patients and stimulating them against a tumor antigen ex vivo before injecting back
into the patient to induce specific cancer cell kill.[169] This autologous T cell therapy has
shown promise in some melanoma patients,[170] and, in fact, has become the standard of
care in some relapsed cancer patients. The application of nanotechnology to T cell based
immunotherapies can help improve the knowledge of T cell trafficking by providing a
means of imaging in real time, and improve therapy as an adjuvant. Also, T cells can be
used as a delivery vehicle for targeting NPs to tumors.[171]

T cell tracking is important for monitoring infiltration into the tumor site. For example,
indium-111 (111In)-labeled tumor-specific T cells can be tracked in breast cancer patients
using single-photon emission computed tomography (SPECT).[172] These T cells are able to
target and kill metastatic breast cancer cells in the bone marrow, but are unable to penetrate
solid tumor masses as determined by SPECT imaging. While radiolabeling for SPECT and
PET imaging provides a strong signal for in vivo imaging, these imaging modalities do not
provide the spatial resolution required for in vivo tracking of T cells. To overcome this, T
cells loaded with magnetic NPs can be detected in MRI for real-time tracking and better
localization.[173]

Immune cell labeling and tracking using MRI can provide information on therapeutic
efficacy, and procedures have been developed for efficient labeling and tracking.[174] The
high soft tissue contrast and spatial resolution of MRI as compared to PET and SPECT
allows for accurate localization of T cells. Additionally, single T cells loaded with iron
oxide NPs can be visualized after implanting into mice. T cells loaded with NPs of 1.3 pg
iron equivalent per cell and injected into mice bearing flank xenografts of ovalbumin-
expressing lymphoma cells (EG7-OVA) can be tracked using MRI.[175] Imaging reveals
single labeled T cells throughout the xenograft tumor (Figure 8). This specific information
can provide clues into improving T cell immunotherapy and allow physicians to adjust
treatment dosing in real-time.

The surface of T cells can be labeled for applications in pseudo-autocrine stimulation and
adjuvant drug-loaded NPs for tumor specific delivery.[176] T cells labeled with liposomes
with hydrodynamic diameters of 200–300 nm are able to infiltrate EG7-OVA tumors in vivo
while minimizing off-target sequestration by the liver and spleen.[176] This provides an
advantage over non-targeted, and even targeted NPs, since T cells are able to actively
penetrate the tumor and can deliver drug-loaded NPs to regions not accessible by targeted
NPs alone. Furthermore, when these liposomes are loaded with T cell stimulating factors
that are slowly released, the T cells are able to rapidly proliferate in vivo to maintain an
immune response against the tumor and eradicate lung and bone marrow B16
melanomas.[176] Figure 9 shows how the attachment of adjuvant loaded liposomes to the
surface of T cells dramatically increases their proliferation resulting in complete cancer
regression and improving survival in this study.

4.4. Dendritic Cell Based Immunotherapy
Dendritic cell (DC) based immunotherapy involves the use of a DC vaccine (a DC loaded
with antigen)[177] which then must migrate to lymph nodes to present antigens to T cells to
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activate an immune response. A typical treatment consists of the ex vivo loading of antigen
into autologous DCs which are then injected back into the patient. This pathway for cancer
immunotherapy can be very robust since very few active DCs can elicit a strong immune
response.[178] In fact, a number of clinical trials using DC immunotherapy against cancer
have shown feasibility and effectiveness, but only in a limited proportion of patients.[179]

The application of nanotechnology imaging strategies to DC based therapies could
accelerate their widespread translation into the clinic by enabling real-time tracking to better
elucidate pitfalls and to monitor response.[163, 180]

Insight into the failure of many patients to respond to DC based immunotherapies will help
direct the development of next generation therapies. A large number of studies have labeled
DCs with radioisotopes ex vivo to monitor migration of DCs from the injection site to target
lymph nodes using scintigraphic imaging. However, the poor spatial resolution associated
with scintigraphic imaging does not provide the anatomical information necessary to track
DCs to specific regions of the body. DCs labeled with magnetic iron oxide NPs and 111In
can be monitored and tracked using MRI and scintigraphic imaging in melanoma patients,
highlighting the drawbacks of single modality scintigraphic imaging.[181] DCs are injected
directly into lymph nodes using ultrasound guidance. However, only ~50% of cases are
successful in DC injection directly into lymph nodes as shown by MRI, whereas
scintigraphic imaging does not provide the necessary spatial resolution to draw an accurate
conclusion. In many cases, DCs are injected into the tissue surrounding the lymph node
(Figure 10) which could explain why a large number of patients do not respond favorably to
DC vaccines.[181] These limitations and costs associated with ex vivo culture and labeling of
autologous DCs has prompted the development of alternative DC vaccination strategies.[182]

An alternative strategy to ex vivo loading and maturation of DCs involves in vivo targeting
of an antigen to DCs.[182] This involves conjugating an antigen to a DC targeting molecule,
or loading an NP targeted to DCs with antigen or DNA encoding antigens. However, a
critical parameter in the generation of a strong immune response is the migration of
activated DCs to lymph nodes to present antigen to T cells. Tagging DCs in vivo with NPs
allows for real-time tracking of DC migration to and accumulation in lymph nodes to ensure
that a sufficient immune response is generated. A magnetovaccine that consists of iron oxide
NP loaded irradiated tumor cells injected into the hind feet of mice offers the ability to
monitor the movement of the NPs after capture by DCs.[183] As the NPs are captured by
DCs from irradiated cells at the injection site, DCs migrate to lymph nodes and can be
imaged by MRI. This provides information on the frequency of antigen-bearing DCs
migrating from the vaccine site to lymph nodes, which ranges from 5,000 to 40,000 in this
study.[183]

In order to gain further information about the NP uptake by DCs and subsequent migration
with in vivo DC targeting, multimodal imaging must be utilized since even MRI cannot
provide information of the intracellular localization of NPs. Dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) antibody targeted NPs
comprising fluorescein isothiocyanate (FITC) conjugated iron oxide NPs loaded into
poly(lactic-co-glycolic acid (PLGA) show selective tagging of DCs in whole blood and
allow for the monitoring of DC migration in human tissue mimetic collagen scaffolds using
MRI.[184] Furthermore, subcellular tracking can be observed using confocal fluorescence
imaging of the loaded FITC. These NPs offer a platform for the future development of next
generation smart vaccines.[184]

4.5. NP-Mediated Cancer Vaccination
Cancer vaccination aims to enlist the body’s natural defenses to attack cancer cells, as with
T cell and DC immunotherapies described above. The tumor microenvironment plays an

Kievit and Zhang Page 17

Adv Mater. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



active role in the suppression of immune system so that the tumor can grow unabated.[185]

Both stromal cells, such as tumor associated macrophages, and cells recruited to the tumor,
such as regulatory T cells, play a role in immune suppression.[186] Ideally, upon activation,
the body’s immune cells would recognize cancer cells as foreign and destroy them as they
would with bacteria or other foreign invaders. NPs can be used for vaccination by loading
antigens or epitopes on the surface of the NP for uptake by antigen presenting cells eliciting
an immunostimulatory cascade.[187]

An effective delivery vehicle for epitope vaccination must meet several key requirements
(Figure 11): 1) be constructed as a particle of 20–100 nm in diameter, 2) have a highly
repetitive and ordered structure, 3) have the ability to display epitopes for activation of
innate immunity, and 4) localize in specific areas of the body for efficient immune
response.[188, 189] This has led to the development of virus-like particles (VLPs), i.e.,
particles assembled from virus components, for vaccination against hepatitis B and human
papillomavirus. Furthermore, VLPs are currently being explored for vaccination against
other viruses and diseases such as arthritis, Alzheimer’s, and cancer.[190] However, the
outcome in use of a VLP as epitope delivery vehicle remains unpredictable due to
undesirable structural perturbations caused by the viral coat protein or epitope leading to
diminished function.[191] Alternatively, nanotechnology provides an opportunity to develop
safer, more effective, and readily modifiable epitope delivery vehicles for cancer
vaccination.

Using nanotechnology strategies extreme size and shape restraints can be exerted on
materials to match the design parameters imposed by biological systems.[192] Specifically,
synthesis parameters can be adjusted to create a highly symmetrical nanovector with a
specific size and shape,[193] and the surface of the nanovector can contain multiple
functional groups[194] for attachment of multiple epitopes that interact with immune cells,
and of targeting molecules to direct the delivery to specific locations in the body.[195]

Early epitope delivery vehicles were liposome-based formulations. These studies revealed
that the surface organization of the epitope is critical for specific antibody response.[196]

More recent work has utilized this knowledge to produce nanostructures with highly
organized epitope displays. For example, epitopes assembled onto nanofibers made of the
short fibrillizing peptide, Q11, enhanced antibody response in immunized mice.[197] The
epitope organization on the fibers provide a high-density display to immune cells for
efficient activation. Similarly, a self-assembling peptide based nanoparticle displaying a
tandem repeat of a malaria epitope produces a high-titer, long-lasting, high-avidity antibody
response in immunized mice.[198] Significantly, this immunization provides protection
against an initial challenge of malaria parasites for up to 6 months, and up to 15 months
upon a second challenge. Solid gold NPs, which are optically active, have also been used for
epitope delivery. The peptide epitope of latent membrane protein-2 from the Epstein-Barr
virus organized onto the surface of gold NPs elicits a significantly stronger IFNγ response
compared to free epitope in vitro.[199] Furthermore, dendritic cells treated with these
epitope-loaded NPs effect CD8+ T cell activation for epitope-specific cytotoxic T
lymphocyte killing responses in vitro.

Another strategy for NP-mediated cancer vaccination is to act as an adjuvant for
complement activation, a pathway that NPs are usually designed to bypass with medical
implants and devices to avoid rejection and/or clearance. Ovalbumin conjugated,
polyhydroxylated NPs are able to induce complement activation after lymphatic transport to
induce cellular immunity.[200] This lymph node-resident dendritic cell targeting is
potentially a new strategy for vaccination and could be applied for cancer vaccines. The
hydroxyl groups on the surface of the pluronic-stabilized polypropylene sulfide NPs are
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thought to bind to exposed thioester of C3b to activate complement by the alternative
pathway (Figure 12). This work has been expanded to use polypropylene sulfide NPs
showing that surface engineering of NPs has a dramatic effect on complement
activation.[201]

5. Applications of Targeted Therapies
The application of these targeted therapies varies significantly between types of cancers.
Solid primary tumors behave and respond differently to therapies than blood tumors such as
leukemia and lymphoma, metastases, and infiltrative tumors such as glioblastoma
multiforme (GBM). Furthermore, cancer stem cells are an ideal target in pre-clinical drug
development. Various nanotheranostic strategies have been studied for the targeted
treatment of cancer including gene delivery nanovehicles and chemotherapy nano-reservoirs
to overcome multiple drug resistance (MDR). Engineering of nanomaterial size and shape in
order to directly inhibit target cell function can also provide targeted treatment.

5.1. Solid Tumors
Most cancers form a solid tumor in tissue in which they arose such as in the lung, liver,
pancreas, breast, or skin. Once the tumor reaches a critical size, diffusion can no longer
provide access to inner tumor cells.[202] Therefore, solid tumors require therapies to actively
penetrate deeply into the tumor in order to affect a large proportion of cancer cells.
Furthermore, antiangiogenic strategies have been used to cut off blood supply to the tumor
so that its metabolic needs cannot be met.[203] Theranostic NPs can help deliver therapeutics
deep into the tumor to treat a higher proportion of the cells.

Nanotechnology provides a unique advantage in cancer therapy since the size scale is on the
order of the proteins used for cell function. The size and shape of NPs can be tuned to exert
a desired therapeutic response on a specific target. In a study comparing CNTs and fullerene
conjugated to doxorubicin, it was found that CNTs exerted a pro-angiogenic effect in murine
tumors whereas fullerene conjugates inhibited endothelial cell proliferation.[204] Through a
variation in shape of carbon-based nanomaterials, their therapeutic role can be drastically
altered. CNTs both attenuate the therapeutic function of doxorubicin and promote clustering
of integrins which activates Akt through downstream signaling, resulting in angiogenesis,
whereas fullerenes provide an antiangiogenic effect. Furthermore, as discussed above,
controlling the size of NPs can enable their passive accumulation in the tumor site to
enhance tumor uptake of delivered drug. This strategy has been utilized for doxorubicin
bound iron oxide NPs to improve the delivery of the drug to xenografts of Lewis lung
carcinoma.[205] Delivery of these NPs can be monitored using MRI and results in significant
reduction in tumor growth as compared to delivery of the free drug.

The multifunctionality of NPs can enable the targeted delivery of therapies to solid tumors.
A liposomal formulation of doxorubicin targeted to H460 lung cancer xenografts in severe
combined immunodeficiency (SCID) mice through a single chain variable fragment
antibody to c-Met slows tumor growth to 19% of the untreated controls.[206] Inclusion of an
imaging moiety within the NP can allow for treatment monitoring ensuring that sufficient
drug reaches the tumor site. Iron oxide NPs coated with oleic acid and an amphiphilic block
copolymer of polyethylene oxide (PEO) and poly(p-phenylene oxide) (PPO) are able to load
large amounts of chemotherapy drug in their hydrophobic layer and be monitored using
MRI.[207, 208] Mice with flank orthotopic tumors of human breast cancer MCF-7 cells and
injected intravenously with NPs through the tail vein can be imaged at various time points to
monitor NP uptake. Figure 13 shows how the tumor uptake of these NPs can be monitored
in real-time to provide quantitative information on drug delivery to the tumor. Comparing
therapeutic response to quantitative drug accumulation in the tumor could allow the
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physician to eventually stop treatment once a sufficient dose reaches the tumor, or to
continue treatment until an effective dose is achieved. Furthermore, imaging could be used
to monitor off-target uptake of drug so treatment could be stopped once a maximum
tolerated concentration reaches an off-target organ.

This concept of predictive therapeutic response has been tested.[209] For example,
temperature sensitive liposomes have been loaded with doxorubicin as a chemotherapy drug
and Gd-DTPA (diethylenetriaminepentaacetic acid chelated Gd) as an MRI contrast agent
for image-guided therapy of a xenograft mouse model of mammary carcinoma.[210] The
amount of drug uptake in the tumor correlates linearly with the change in MRI contrast
(ΔR1) in the tumor, allowing for non-invasive, quantitative analysis of drug uptake.
Furthermore, the inhibition of tumor growth can be correlated with ΔR1, the change in
relaxivity between before and after NP treatment, which allows for predictive response to
therapy so that dosing can be adjusted accordingly.

Various other NP formulations have been used for image guided delivery of chemotherapies.
A multifunctional oil-in-water nanoemulsion comprising iron oxide NPs for MRI, the Cy7
fluorophore for optical imaging, and the glucocorticoid prednisolone acetate valerate as an
anticancer therapeutic has been developed for image-guided delivery of chemotherapy.[211]

Upon intravenous injection into mice with xenograft tumors of colon cancer, these
theranostic NPs can be visualized with optical imaging and MRI, and induce a significant
reduction in tumor growth (Figure 14).

The delivery of gene therapeutic agents provides an additional layer of targeting since the
delivered nucleic acid is designed to have a selective therapeutic effect on cancer cells. DNA
delivery aims to replace a damaged gene with a functional counterpart to restore normal cell
function, and siRNA delivery aims to knockdown the expression of oncogenes. Many
theranostic NP formulations have been developed for the delivery of DNA and
siRNA.[137, 139, 143, 212] Magnetic NPs targeted to breast adenocarcinomas using the EPPT
peptide which binds the tumor-specific antigen underglycosylated mucin-1 (uMUC-1) were
loaded with anti-baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) siRNA to
induce apoptosis and Cy5.5 for optical imaging.[213] The delivery of these NPs to xenograft
tumors can be monitored using both MRI and optical imaging, and result in a significant
reduction in tumor growth due to increased cancer cell apoptosis as compared to scrambled
siRNA delivery.

Thermotherapy can be achieved with gold NPs heated by absorption of light resulting in
heat-induced cell death. This photothermal therapy has been investigated using gold NPs of
various shapes.[214] Hollow gold nanospheres conjugated with a targeting agent for
melanoma have been studied for photothermal therapy.[215] Mice with xenograft tumor of
melanoma and injected intravenously with these NPs are irradiated with near infrared lasers
4 hours after injection to heat the NPs. Tumors in mice receiving both NPs and laser
treatment show significantly increased necrotic area, and reduced uptake of
[18F]fluorodeoxyglucose, a radiotracer used to observe metabolism suggesting efficient cell
kill.

The superparamagnetic properties associated with nanosized magnetic NPs can also be used
for thermotherapy in hyperthermia, as introduced in section 2.5. Significant work has been
done in this field in treating brain tumors with ferrofluids.[48, 216] However, the very high
concentrations of NPs needed (2 mol/L) require direct injection of NPs into the tumor site.
Nevertheless, the potential use of NPs delivered systemically for hyperthermia has been
demonstrated in a mouse xenograft model of human breast cancer.[217] Dextran-coated iron
oxide NPs conjugated with a ChL6 antibody against breast cancer and delivered
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intravenously to xenograft mouse models of breast cancer show a significant reduction in
tumor growth upon application of a rapidly alternating magnetic field. Additionally, NSCs
have been used to deliver NPs to tumors for magnetic hyperthermia. NSCs loaded with core/
shell iron/iron oxide (Fe/Fe3O4) NPs are able to deliver the NPs to xenograft tumors of
melanoma. Upon application of a rapidly alternating magnetic field, mice receiving NSCs
loaded with NPs show a significantly slower tumor growth.[166]

Magnetic hyperthermia can also be used to selectively release drug from NPs which
circumvents the need for high local NP concentrations, and provides the advantage of
selective drug release to minimize off-target side-effects. To achieve this, mesoporous silica
NPs loaded with doxorubicin and iron oxide NPs are capped with heat labile molecules.[218]

In normal physiological conditions, little drug is released from these NPs, but in the
presence of a rapidly alternating magnetic field the capping molecule is released allowing
doxorubicin to diffuse out of the NP.

5.2. Metastases
Metastasis of cancer involves the migration of a cancer cell from the bulk tumor into the
surrounding tissue, intravasating into the blood, extravasating from the blood into tissue
elsewhere in the body, and forming a secondary tumor. Metastatic cancer accounts for at
least 90% of all cancer related deaths, and thus its prevention and therapy could dramatically
improve survival.[2, 219] Metastatic cancer is much less responsive to standard
chemotherapies and thus novel therapeutic formulations must be explored.

Various methods for inhibiting cell invasion, which is a major component in the metastatic
process, have been investigated.[220] These include engineering the shape and size of
nanomaterials to specifically interact with and inhibit cell surface proteins involved in cell
invasion. For example, carbon nanotubes have been engineered to specifically interact with
cell surface ion channels to inhibit ion transport.[221] Furthermore, modeling studies have
revealed fullerenes have the potential to specifically inhibit these cell surface ion channels in
a similar manner.[222] Surface engineering of NPs has also proven useful to inhibit cell
invasion through the multivalent effect where a larger portion of the cell membrane that
contains proteins involved in cell invasion is caused to be internalized preventing proper
function of these proteins.[223] However, unless the disease is caught early enough,
inhibition of invasion is no longer a viable strategy; metastases must be directly treated.

Metastatic ovarian cancer is such a disease where metastases are often present at the time of
diagnosis.[224] While Doxil improves the time of survival of patients with metastatic ovarian
cancer, the prognosis is still poor with a median survival of 108 weeks.[225] Targeted
therapy using multifunctional NPs should dramatically improve the prognosis of these
patients. Polymeric NPs loaded with paclitaxel targeted to metastatic ovarian cancer using
the HER2 antibody are able to significantly improve the survival in animal models of
metastatic ovarian cancer developed by intraperitoneal injection of SKOC-3 cells.[226] This
improved survival is due to the increased target cell uptake of paclitaxel bound to NPs.

Metastases can also be treated with targeted gene therapies. A liposome-polycation-
hyaluronic acid NP targeted to lung metastases of melanoma using a single-chain antibody
fragment can deliver siRNA against tumor promoting genes c-Myc, murine double minute 2
(MDM2), and VEGF, and micro RNA (miRNA)-34a to induce apoptosis.[227] These NPs are
able to significantly inhibit metastases in the lung upon intravenous injection (Figure 15).

5.3. Hematologic Cancers
Hematologic cancers include those that reside in the blood, bone marrow, or peripheral
lymphoid organs and include leukemia, lymphoma, and myeloma. They impose a significant
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challenge for therapies as compared to solid tumors. The tumor microenvironment of these
cancers is vastly different than with solid tumors and provides growth factors for cancer
growth and survival resulting in de novo drug resistance, and as a result, cells will not
respond to first-line chemotherapies.[228] Furthermore, treated cells can lyse and release
their components directly into the blood which leads to potentially lethal electrolyte and
metabolic disturbances, and is called tumor lysis syndrome.[229] Therefore, theranostic NPs
should aim to induce apoptosis so that cellular components will be packaged into apoptotic
bodies for macrophage uptake rather than directly released into the circulation.

Leukemia is the most common cancer in children, but affects people of all ages. Leukemia is
a cancer of white blood cells and affects bone marrow. Self-assembling antibody nanorings
containing the anti-CD3 antibody show leukemia cell specific uptake in vitro and could be
used as leukemia specific drug delivery vehicles.[230] Gene therapy can provide a specific
treatment of leukemia by affecting aberrant cell signaling. Transferrin conjugated pH-
sensitive lipopolyplex NPs can be used as targeted delivery vehicles for antisense
oligodeoxynucleotides to leukemia cell lines and primary cells.[231] Knockdown of the
expression of ribonucleotide reductase with these targeted NPs results in increased
sensitivity to the chemotherapy agent cytarabine. Drug loaded liposomes have also shown
promise in reducing recurrence of de novo acute lymphoblastic leukemia.[232]

Lymphoma is a cancer of the cells of the lymphoid system. Hodgkin lymphomas are solid
tumors that form in lymph nodes, whereas non-Hodgkin lymphomas are blood cancers.
Hodgkin lymphomas are essentially curable with standard chemotherapy treatments of
doxorubicin, bleomycin, vinblastin, and darcarbazine, but improvements can still be made in
reducing off-target side effects.[233] Non-Hodgkin lymphomas have historically been treated
with standard chemotherapy of cyclophosphamide, doxorubicin, vincristine, and
prednisone.[234] Antibody based therapy with Rituximab has been shown to improve
response in both first-line treatments and in patients with relapsed or refractory cancers.[235]

NPs of n-(2-hydroxypropyl)methacrylamide (HPMA) copolymers loaded with docetaxel
used to treat a mouse model of lymphoma can achieve complete remission of the cancer in
mice.[236]

Although great strides have been made in the therapy of multiple myeloma, the prognosis
remains dismal.[237] Multiple myeloma is a cancer of white blood cells that form lesions in
bone marrow and prevents the normal production of blood cells. Interestingly, gold NPs can
selectively inhibit proliferation in multiple myeloma cells in vitro.[238] It is thought that the
nanosize of these NPs specifically inhibits the function of heparin-binding growth factors
which then disrupts cell proliferation though cell cycle arrest.[238] This is another example
of how engineering materials at this size scale can have significant effects on biological
molecules in the same size range. The use of albumin NPs has also shown promise in
improving multiple myeloma therapy.[239, 240] Albumin naturally carries hydrophobic
molecules such as vitamins and hormones, and was first used commercially in oncology
after US Food and Drug Administration (FDA) approval in 2005 as 130-nanometer albumin-
bound paclitaxel, or Abraxane.[241] For multiple myeloma therapy, the albumin helps
solubilize water-insoluble rapamycin, and provides a means for transcytosis across
endothelial cells to increase drug concentration at the tumor site. In combination with
perifosine, albumin bound rapamycin treatment of mice with xenograft tumors of multiple
myeloma provides significant tumor growth inhibition and increased survival.[239]

5.4. Overcoming MDR
Multidrug resistance (MDR) is an acquired phenotype in cancer cells, characterized by the
overexpression of ATP-binding cassette (ABC) transporters which actively pump
chemotherapy drugs out of cancer cells.[3] MDR is a significant problem in cancer
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chemotherapy since while many chemotherapeutic agents are effective debulking agents
(i.e., they are able to significantly reduce the tumor burden), a small proportion of cells that
are resistant to the therapy can survive to form a resistant tumor. This acquired drug
resistance is different than the microenvironment-mediated de novo drug resistance
associated with hematologic cancers discussed above. MDR is a result of the overexpression
of ATP-binding cassette (ABC) transporters which increase the efflux of a broad class of
hydrophobic drugs from cancer cells, with the most common being ABCB1, or P-
glycoprotein (P-gp).[3, 242] Many strategies to inhibit these ABC transporters have been
tested but clinical application has been hindered due to low efficacy and high toxicity.[3, 243]

Many of these strategies involve the use of excipients that reduce the function of ABC
transporters, or chemical inhibitors. Other strategies include attaching the chemotherapy
drug to larger molecules or to proteins that are not substrates for ABC transporter mediated
efflux. Therefore the drug can be released once inside the target cell to elicit a therapeutic
function before it is recognized and effluxed. This strategy can provide sustained
intracellular drug concentrations to ensure a therapeutic response (Figure 16Error!
Reference source not found.Error! Reference source not found.).[244] Early studies showed
that doxorubicin loaded into polymeric nanospheres are able to overcome MDR in multiple
models of drug resistant cancers in vitro, and prolonged survival in mice.[245] However, a
similar study suggests that simple encapsulation of drug into polymeric NPs is not sufficient
to overcome MDR; paclitaxel released from PLGA NPs intracellularly is still a substrate for
P-gp and does not overcome MDR.[246]

Doxorubicin conjugated to stearic acid-g-chitosan micelles is able to overcome MDR in a
breast cancer model both in vitro and in vivo by improving the intracellular doxorubicin
concentration.[247] Doxorubicin conjugated to the polymer prevents its efflux from the cell,
and drug is released from the polymeric micelle once inside the cell. Furthermore,
doxorubicin conjugated to iron oxide NPs (NP-DOX) is able to overcome MDR in glioma
cells in vitro through a similar mechanism.[248] The NP-DOX conjugate selectively releases
doxorubicin in an acidic pH environment and thus a higher intracellular doxorubicin
concentration is maintained. The iron oxide NP core provides a means for treatment tracking
through MRI. Biodegradable microcapsules loaded with doxorubicin or paclitaxel have been
used to overcome MDR in colorectal cancer cells through improved intracellular
delivery.[249] These nanocapsules are able to selectively release drug intracellularly so that
the drug can reach its intracellular site of action before being pumped out by efflux pumps.

Another strategy to improve intracellular accumulation of anticancer drugs is to deliver
efflux pump inhibitors by NPs along with drug. This can overcome the systemic toxicity
associated with P-gp inhibitors and increase the effectiveness of chemotherapy in the tumor
since NPs deliver both inhibitor and chemotherapy drug to the same cell at the same time.
Polymeric NPs loaded with tariquidar, a P-gp inhibitor, and paclitaxel are able to slow tumor
growth using significantly lower concentrations of paclitaxel than is needed without
tariquidar.[250]

ATP has also been a target for reduction of ABC mediated drug efflux. Diminishing
intracellular ATP inhibits the function of ABC transporters. Liposomes containing the Brij
78 surfactant can deplete ATP in drug-resistant cells, which results in increased sensitivity
towards delivered drug.[251] These drug loaded liposomes are able to increase resistant-cell
sensitivity to paclitaxel and doxorubicin by 1) increasing intracellular drug concentration by
bypassing ABC transporters and 2) inhibiting ABC transporter function through depletion of
ATP by Brij 78.

NPs loaded with siRNA against P-gp are able to reverse MDR in osteosarcoma through
knockdown of P-gp expression.[252] With lipid modified dextran NPs carrying siRNA and

Kievit and Zhang Page 23

Adv Mater. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the subsequent treatment with doxorubicin resulted in a greater sensitivity in NP treated
cells, which was attributed to greater intracellular retention of drug. A similar approach
using polymeric NPs carrying both siRNA against P-gp and paclitaxel provides the
advantage of drug being delivered to the same cells that receive siRNA treatment.[253]

Knockdown of P-gp using the siRNA and paclitaxel loaded NPs increases the intracellular
accumulation of paclitaxel in vitro and slows the growth of mammary adenocarcinoma
xenograft tumors in vivo. Polymeric NPs loaded with plasmid DNA encoding the anti-P-gp
short hairpin RNA (shRNA) are able to significantly reduce the expression of this efflux
pump in drug resistance breast cancer cells.[254] This results in a marked increase in cell
sensitivity to doxorubicin treatment both in vitro and in vivo owing to a decrease in drug
efflux.

An alternative strategy to delivery of siRNA to knockdown the expression of efflux pumps
is to utilize an antibody against the efflux pump to inhibit its function. Doxorubicin loaded
CNTs activated with a P-gp antibody are able to deliver a therapeutic dose of drug to MDR
leukemia cells.[255] The CNTs are able to deliver a high dose of doxorubicin into the cell
while the P-gp antibody inhibits efflux pump function.

5.5. Treating Cancer Stem Cells
Cancer stem cells (CSCs) are cancer cells that are capable of self-renewal and drive the
growth of a tumor which consists of both CSCs and non-CSCs.[256, 257] CSCs were first
found in acute myeloid leukemia, confirming the early hypothesis of their existence.[258]

Subsequent findings of CSCs in many other tumor types indicated that these CSCs are
present in a broad variety of tumor types, and signaled a drastic paradigm shift in cancer
treatment.[259] The CSC concept has garnered significant attention since it explains many of
the current difficulties in oncology such as metastases and MDR (both discussed above).
Furthermore, standard therapies that eradicate the bulk of a tumor may leave surviving CSCs
that would cause relapse. Interestingly, CSCs may be the reason for the failure of many anti-
angiogenesis therapies since CSCs have been shown to differentiate into endothelial cells in
the tumor microenvironment.[260] Thus, the ability to selectively treat the CSC population
(Figure 17) could have a profound impact on cancer therapy, preventing relapse and
metastasis.[259] This motivation has led to the use of many CSC-specific therapies that
inhibit pathways such as Wnt, Notch, and Hedgehog,[261] but nanotechnology has yet to
make a significant impact in this field.

Polymeric NPs of curcumin, a polyphenolic compound derived from turmeric, decreases
growth in brain cancer cells, and reduces the CSC population.[262] Inhibition of the
Hedgehog pathway likely accounts for the selective reduction in the CSC population.
Similarly, γ-secretase inhibitors block Notch signaling but their clinical use is hindered by
severe side-effects.[263] Mesoporous silica NPs can deliver this class of inhibitors to tumors
to inhibit the Notch pathway.[263] The sensitivity of CSCs to standard chemotherapies has
been increased through delivery of siRNA against efflux pumps using biodegradable lipid
NPs.[264] These NPs are able to knockdown expression of the efflux pump P-gp in the CSC
enriched population of CHOK1 cells, which increases their sensitivity to subsequent
paclitaxel treatment.

NPs are expected to advance the CSC-specific therapies by improving their delivery to their
target site of action. Various cell surface markers distinguish CSCs from non-CSCs[257, 265]

which could be used to direct theranostic NPs to CSCs and inhibit their function.[266] For
example, brain cancer CSCs express the stem cell marker CD133 on their surface, and
CD133 antibodies are commonly used for fluorescence-activated cell sorting (FACS)
enrichment of the CD133+ population of cells.[267] Furthermore, CD133 is expressed on the
surface of CSCs from breast cancer,[268] prostate cancer,[269] lung cancer,[270] colon
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cancer,[271] pancreatic cancer,[272] ovarian cancer,[273] and liver cancer.[274] However, use
of these stem cell markers for targeted drug delivery could also affect normal stem and
progenitor cells in which long-term effects are still unknown.

The minimal amount of nanotechnology-based research on CSCs may be due to the lack of
good CSC models. The development of in vitro models of CSCs should help promote future
development of nanomedicine approaches to treatment of CSCs.

6. Conclusions and Outlook
Cancer is a devastating disease that affects millions of people yearly. Although a vast
amount of research has increased our knowledge of cancer biology and therapy which has
improved survival of cancer patients, the disease remains lethal. The limitations in current
cancer therapies signal the need for novel therapies that attack these specific issues.
Nanotechnology provides a unique opportunity to combat cancer on the molecular scale
through careful engineering of nanomedicines to specifically interact with cancer cells and
inhibit cancer cell function. Various NP formulations have already made their way into the
clinic and have become the standard of care in some cancer patients.

Moving forward, priority should be placed on NPs that directly address the current
limitations in cancer therapy including MDR, metastases, and CSCs, as they could have an
immediate and direct impact in patient survival. They will provide additional treatment
options to patients who no longer respond to current treatment regimens. Furthermore,
directing nanomedicine development for these patients could accelerate their clinical
translation as these are the patients who are generally enrolled in new clinical trials, and are
often a last treatment option. Cancers of the pancreas, brain, and liver are some of the most
devastating and have a very low survival rate. Also, metastases, drug resistant cells, and
cancer stem cells represent the populations of cancer cells that show significantly reduced
response to therapy.

Beyond use of NPs as nanomedicines, more focus should be placed on use of NPs as tools to
learn more about cancer biology and failure of treatments. The ability to monitor
biodistribution of treatments, migration of cells throughout the body, and tumor
development and evolution in real-time can elucidate new pathways cancer cells rely on.
This information will be invaluable for improvement of therapy. This will require the
development and improvement of imaging modalities that have high spatial and temporal
resolution combined with high sensitivity for cellular and molecular tracking.

Most exciting are the theranostic nanomedicines that combine imaging and treatment into a
single NP formulation. Although the bench-top development of these NPs is tortuous and
expensive owing to the complexity of the formulations, their theranostic properties should
allow for rapid pre-clinical development since specific information about pharmacokinetics
and treatment efficacy can be obtained simultaneously. Furthermore, we envision these NPs
being used for real-time monitoring of drug delivery so that dosing and type of therapeutics
can be adjusted based on tumor and off-target tissue accumulation. This information can
ensure patients are neither undertreated nor overtreated. This will require studies that
determine quantitatively the amount of tumor uptake that results in sufficient treatment, and
the amount of off-target uptake that results in harmful side-effects.

Despite the significant advancements that have been made, nanotechnology is still a
relatively young field, and little is known about the long-term effects of exposure to
nanomaterials, especially in clearance organs such as the liver, spleen, and kidneys.
Furthermore, the potential toxicity associated with the wide variety of nanomaterials
available ranges from completely inert to highly toxic, which could slow their advancement

Kievit and Zhang Page 25

Adv Mater. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



into the clinic. In order for this promising field to rapidly progress, focus must be placed on
elucidating the safety of these novel materials. This will rely on the development of better
characterization tools and methodology, and more reproducible synthesis strategies so that
accurate and broadly applicable conclusions can be drawn. This includes the size, shape, and
surface charge of NPs, as well as the number of functional groups, drug loading capacity and
releasing mechanism.

The exponential increase in research publications in the field of nanomedicine over the past
5 years suggests the clinical translation of many new, more effective, therapies is on the
horizon. Soon, we may see cancer nanotheranostics revolutionize the treatment of cancer.
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Figure 1.
Typical nanomaterial formulations for imaging and therapy of cancers, their mechanism for
imaging, and associated representative images. Example images reproduced with permission
for liposomes and micelles (SPECT image overlaid with CT),[15] polymers and dendrimers
(PET image overlaid with CT),[275] noble metals (near-IR optical imaging),[276]

semiconductors (fluorescence imaging),[32] carbon nanotubes and fullerenes (photoacoustic
imaging),[35] transition metal oxides (MRI),[81] metal-organic frameworks (MRI),[51] and
lanthanide series (X-ray radioluminescence imaging).[57]
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Figure 2.
Concentration–signal curves of the lipid-coated gold/silica particles for (a) FI, (b) MRI and
(c) CT. Note that both nanoparticle concentrations and the corresponding Gd and Au
concentrations are given. The molar longitudinal relaxivity r1 of the gadolinium in the lipids
was found to be 14.0 mM−1 s−1 and the slope in the CT curve was 23 HU per g gold l−1

solution. The inset in each panel shows the corresponding image of nanoparticle dilution
series (concentrations indicated) associated with each imaging modality, revealing the high
sensitivities of all three imaging techniques. Reproduced with permission.[62]

Kievit and Zhang Page 41

Adv Mater. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Physiological barriers encountered by NPs. a) Upon injection into the blood, NPs circulate
throughout the body reaching the capillaries of the liver, kidneys, tumor, and brain. b)
Passive accumulation in the tumor occurs with NPs with hydrodynamic diameters between
30–200 nm. i) endothelial cell, ii) tumor cell. c) The Kupffer cells of the liver readily
recognize materials with hydrodynamic diameters larger than 100 nm and removes them
from circulation. i) endothelial cell, ii) Kupffer cell, iii) hepatocyte. d) The pores of the
glomerulus in the kidneys are around 10 nm and thus materials with hydrodynamic
diameters larger than this will avoid renal filtration. i) endothelial cell, ii) glomerular
basement membrane. e) The blood-brain barrier (BBB) prevents passive accumulation of
materials in the brain due to tight junctions between endothelial cells, and thus active or
disruptive mechanisms must be used to bypass the BBB.
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Figure 4.
Cellular barriers encountered by NPs. Entry into the cell across the cell membrane can occur
by direct permeation, or by various types of endocytosis mechanisms. Upon endocytosis, the
NP must escape the endosome before acidification degrades the payload or the NP is
exocytosed with membrane recycling. After the NP gains access to the cytoplasm of the cell,
intracellular trafficking will ensure that the therapeutic payload will reach the desired site of
action such as the mitochondria, endoplasmic reticulum, nucleus, or cytoskeleton.
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Figure 5.
Targeting strategies to improve NP delivery throughout the tumor. I) Non-PEGylated NPs
accumulate in the tumor site through the EPR effect. II) PEGylated NPs show enhanced
accumulation in the tumor site through the EPR effect. III) Targeted NPs show better
distribution throughout the tumor and higher cellular uptake. IV) Subcellular targeting
increases NP delivery to the intracellular site of action of the drug.
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Figure 6.
In vivo distribution of HFT-T in KB-3-1 tumor-bearing mice. Near infrared dye (cy5.5)-
labeled HFT-T or HT-T was injected i.v. into KB-3-1 tumor-bearing mice. (a) Imaging of
mice at 1, 24, and 48 h after injection. (b) Biodistribution of HFT-T and HT-T in major
organs at 48 h after injection. (c) The cellular internalization of HFT-T versus HT-T in
KB-3-1 xenografts 24 h after injection (i.v.). HFT-T showed marked internalization in
KB-3-1 cells identified by human EpCAM expression (green). In contrast, HT-T showed
much less internalization by KB-3-1 cells and was predominantly found in the extracellular
space. (d) Flow cytometry analyses of cells obtained from disaggregated KB-3-1 xenografts
24 h after i.v. injection of HFT-T or HT-T. Two-dimensional event density plots of
disaggregated tumor cell suspensions from animals injected with HFT-T or HT-T. The cells
were stained with anti-EpCAM Ab-FITC conjugate to identify human cancer cells. The cells
in Q4-2 and Q2-2 were human tumor cells (EpCAM positive), the cells in Q1-2 and Q2-2
contained nanoparticles (bodipy 564 positive), and the cells in Q2-2 were human tumor cells
containing nanoparticles (double positive). Reproduced with permission.[136] Copyright
2009, American Chemical Society.
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Figure 7.
Intravenously-delivered superparamagnetic iron oxide (SPIO) NP-loaded MSCs localize to
lung metastases and can be visualized by MRI. (A) Representative coronal MRI sections (n
= 4 mice) of a normal mouse lung (Normal), mouse lung with metastases 35 d after i.v.
delivery of MDAMB231 cells (pre-MSC), and the same mouse lung 1 h after SPIO-loaded
MSC injection (post-MSC). The metastases (circled) are visualized as focal regions of
increased signal. These areas correspond to metastases on H&E histologic sections (bar, 100
μm). One hour after SPIO-loaded MSC injection, there is a decrease in signal intensity
caused by the iron oxide in MSCs (+, ribcage; *, trachea; ^, diaphragm with upper abdomen
below; ~, fissure separating lobes). (B) The reduction in signal intensity secondary to the
NP-loaded MSCs 1 and 24 h after MSC injection was further confirmed and quantified by
comparing signal-to-noise ratio (SNR) between the lung parenchyma and the deltoid muscle
in three consecutive MR slices in three mice; there was a significant (P = 0.005) reduction in
SNR across all four radiological areas [left upper (LU), left lower (LL), right upper (RU),
and right lower (RL)]. (C) Tumor histology from mice harvested at day 35, 1 h after NP-
loaded MSC injection and MRI. Prussian blue (i) and DiI staining (ii; red) on contiguous
sections from mice, showing that MSCs migrate to and incorporate into lung metastases
after i.v. delivery (bar, 20 μm). iii, macrophage immunohistochemistry (brown) stains
different cells from NP-loaded cells (blue stain). iv, macrophage immunofluorescence
(green) stains different cells from DiI-labeled (red) cells (bar, 5 μm). Reproduced with
permission.[164] Copyright 2009 American Association for Cancer Research.
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Figure 8.
In vivo MRI detection of labeled lymphocytes in a mouse tumor. a,b: Sequential MR images
(3D-SPGR, voxel (60 μm)3) of the tumor in mice 48 h after injection of three million
unlabeled lymphocytes (a) or the same number of magnetically labeled cells (b; iron load 1.3
pg/cell at the time of injection). Control tumors (a) give a homogeneous signal, whereas
punctuate signal voids (white arrows) distributed throughout the tumor are observed in
tumors of mice that received labeled lymphocytes (b). c,d: Zoom of the tumor image
containing a signal void (d; labeled lymphocytes) or no signal void (c; control). Reproduced
with permission.[175]
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Figure 9.
Lung and bone marrow tumors were established by tail vein injection of 1 × 106 extG-luc–
expressing B16F10 cells into C57BL/6 mice. Tumor-bearing mice were treated after 1 week
by sublethal irradiation followed by i.v. infusion of 1 × 107 CBR-luc–expressing
Vβ13+CD8+ Pmel-1 T cells. One group of mice received Pmel-1 T cells conjugated with
100 nanoparticles per cell carrying a total dose of 5 μg IL-15Sa and IL-21 (4.03 μg IL-15Sa
+ 0.93 μg IL-21); control groups received unmodified Pmel-1 T cells and a single systemic
injection of the same doses of IL-15Sa and IL-21 or Pmel-1 T cells alone. (a) Dual
longitudinal in vivo bioluminescence imaging of extG-luc–expressing B16F10 tumors and
CBR-luc–expressing Pmel-1 T cells. (b) Frequencies of Vβ13+CD8+ Pmel-1 T cells
recovered from pooled lymph nodes of representative mice 16 d after T cell transfer. (c)
CBR-luc T cell signal intensities from sequential bioluminescence imaging every 2 d after T
cell transfer. Every line represents one mouse, with each dot showing the whole-mouse
photon count. (d) Survival of mice after T cell therapy illustrated by Kaplan-Meier curves.
Shown are six mice per treatment group pooled from three independent experiments.
Reproduced with permission.[176] Copyright 2010, Nature Publishing Group.
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Figure 10.
MRI images of lymph nodes. (a) MRI before vaccination; the inguinal lymph node to be
injected is indicated with a black arrow. (b) MRI after injection showing that the dendritic
cells were not accurately delivered into the inguinal lymph node (black arrow) but in the
vicinity, in the subcutaneous fat (white arrow). Reproduced with permission.[181] Copyright
2005, Nature Publishing Group.
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Figure 11.
Structure of a virus-like particle (VLP) presenting antigens for immune activation. The size
of the VLP ensures efficient trafficking to and recognition by the immune system for
activation. Its ability to package ligands and its highly repetitive surface display of epitopes
enable efficient activation of both complement and innate immunity. Adapted from.[189]
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Figure 12.
Polyhydroxylated nanoparticle surfaces activate complement. (a) Synthesis and stabilization
with two different forms of Pluronic allowed the generation of polyhydroxylated- or
polymethoxylated-nanoparticles. (b) The, -terminal OH groups on Pluronic could be
converted to OCH3 groups. (c) The proposed mechanism where OH groups on the
polyhydroxylated nanoparticles can bind to the exposed thioester of C3b to activate
complement by the alternative pathway. (d) Nanoparticle-induced complement activation, as
measured through C3a presence in human serum after incubation with nanoparticles, was
demonstrated to be high with polyhydroxylated nanoparticles but low with
polymethoxylated nanoparticles (OH- and CH3O-NPs, respectively). Results are normalized
to control of serum incubation with PBS. Values are means of three independent
experiments; error bars correspond to standard error of mean, s.e.m. Reproduced with
permission.[200] Copyright 2007, Nature Publishing Group.
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Figure 13.
T2-weighted image of tumor-bearing mouse injected with pluronic F127-modifed magnetic
NPs. Enhanced contrast in the tumor (denoted by arrow) is apparent 4 min after the initial
injection and is more pronounced at 68 min after a second injection of the MNPs. Images
were analyzed for signal intensity in the tumor with Amira software (Visage Imaging, Inc.,
San Diego, CA). Reproduced with permission.[208] Copyright 2009 Elsevier.
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Figure 14.
Multifunctional nanoemulsion used as a nanotheranostic NP provides image guided therapy
in a mouse model of colon cancer. The oil-in-water nanoemulsion comprises iron oxide NPs
for MRI, Cy7 fluorophore for optical near-infrared fluorophore (NIRF) imaging, and PAV
for therapy. Reproduced with permission.[211] Copyright 2011, American Chemical Society.
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Figure 15.
Tumor growth/metastasis inhibition by nanoparticles containing siRNA and miRNA. (a)
Images of the B16F10 tumor-bearing lungs on day 19 after two consecutive i.v. injections of
siRNAs or miRNA in different formulations. (b) Luciferase activity in the tumor-bearing
lungs on day 19 after two consecutive i.v. injections on days 8 and 9 of siRNAs and miRNA
in different formulations. n = 5–6. ***P < 0.001. Formulations: untreated control (1),
combined siRNAs and control miRNA in the GC4-targeted nanoparticles (2), control siRNA
and miR-34a in the GC4-targeted nanoparticles (3), combined siRNAs and miR-34a in the
control-targeted nanoparticles (4), and combined siRNAs and miR-34a in the GC4-targeted
nanoparticles (5). Dose = 0.6 mg total RNA/kg. Combined siRNAs = c-Myc:MDM2:VEGF
(1:1:1), siRNA:miRNA = 1:1, weight ratios. Reproduced with permission.[227] Copyright
2010, Nature Publishing Group.
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Figure 16.
Time course study of intracellular retention of fluorescent-labeled Tx in MCF-7 cells. Cells
were treated with drug in solution (Tx-Sol) or unconjugated drug-loaded NPs (Tx-NPs) or
Tf-conjugated NPs (Tx-NPs-Tf) (dose = 10 ng/mL) in the growth medium. Cells treated
with Tx-Sol showed a decrease in green fluorescence intensity of the drug with incubation
time whereas Tx-NPs and Tx-NPs-Tf demonstrated an increase, with Tf-conjugated NPs
demonstrating the fluorescence of the drug lasting up to 8 days. N = nucleus. Reproduced
with permission.[244] Copyright 2005, American Chemical Society.
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Figure 17.
Treatment of cancer stem cells (CSCs). Standard chemotherapy agents debulk the tumor, but
can leave residual drug resistant CSCs which will lead to relapse. A CSC targeted therapy
that can selectively and efficiently kill the CSCs will leave a benign mass.
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