1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Chem Rev. Author manuscript; available in PMC 2016 October 14.

-, HHS Public Access
«

Published in final edited form as:
Chem Rev. 2015 October 14; 115(19): 10967-11011. doi:10.1021/acs.chemrev.5b00135.

Polymeric Nanostructures for Imaging and Therapy

Mahmoud Elsabahy!:2", Gyu Seong Heo?!, Soon-Mi Lim!, Guorong Sun?, and Karen L.
Wooleyl”

1Department of Chemistry, Department of Chemical Engineering, Department of Materials
Science & Engineering, Laboratory for Synthetic-Biologic Interactions, Texas A&M University,
P.0O. Box 30012, 3255 TAMU, College Station, Texas 77842-3012, United States

2Department of Pharmaceutics, Faculty of Pharmacy, Assiut International Center of
Nanomedicine, Al-Rajhy Liver Hospital, Assiut University, 71515 Assiut, Egypt, and Misr
University for Science and Technology, 6! of October City, Egypt

1. Introduction

Medical diagnosis and therapy are essential for providing patients with proper care, although
inefficient diagnosis and therapy are usually associated with either improper detection of the
diseases, unsatisfactory therapeutic outcomes and/or serious adverse reactions. Advances in
the design of various diagnostic and therapeutic agents, and the recent trend of utilizing
molecules for both therapeutic and diagnostic applications (i.e. theranostics), still have not
achieved the maximum benefits of controlling the navigation and biodistribution of these
molecules within the biological system. The key challenges towards the use of these agents,
from small molecules to macromolecular drugs (e.g. natural, proteins and nucleic acids-
based drugs, or synthetic, polymer-based conjugates, carriers or other systems), are, for
example, the loss of activity via rapid clearance or degradation, inefficient delivery to the
target sites, and inappropriate probing of the disease states, dependent on the particular
disease and its location in the body. The concept of nanotechnology has been initiated early
in 1959 by Richard Feynman in his famous historical talk at Caltech “There’s Plenty of
Room at the Bottom”, with introduction of the possibility of manipulating materials at the
atomic and molecular levels.! In 1974, Norio Taniguchi, at Tokyo University, first utilized
the term “nanotechnology” referring to the design of materials on the nanoscale.? In the
early 1990’s and until now, the use of nanomaterials of different nature (organic and
inorganic), and for various applications (multiple disciplines) has been greatly expanded, in
particular, over the last couple of decades.3# In the medical field, nanotechnology has
emerged to include non-invasive systems for probing of disease and also capable of carrying
cargo for localized high concentration delivery, known as “nanomedicine”, with reduction of
off-target effects. The use of nanomaterials, in particular polymeric nanostructures, has
demonstrated efficiency in improving delivery of diagnostic and therapeutic agents to the
target sites, and the feasibility of incorporating several therapeutic/diagnostic/targeting
moieties within specific compartments of the nanoparticles, with control of their navigation
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in the body and to the target sites. Further understanding of the nature and
microenvironments of biological systems (e.g. different pH, temperature, permeability,
drainage, or overexpressing proteins, enzymes or receptors), and the barriers towards the
delivery of various moieties to their destinations, which could be either intra- or
extracellular, has aided the design of nanomaterials that could evade the various
physiological barriers. Selective delivery to the site of the disease can increase the
therapeutic efficacy, imaging contrast and accuracy, reduce adverse reactions, and reduce
the dose and cost of medications.

Initially, platform technologies were the target for nanostructure designs, but with the
complications of biological systems, it has been recognized over the past decade that
disease- and patient-specific medical treatment is needed for efficacy—this review
highlights a few examples developed within the past couple of years, with a focus on in vivo
studies together with novel designs and significant advances in syntheses. The advantages of
polymeric nanostructures over other types of nanomaterials are based upon the flexibility
over which their structures can be modified to yield materials of various compositions,
morphologies, sizes, surface properties, with possibility of hierarchical assembly of several
nanomaterials of various components into one construct that can be accommodated with a
variety of therapeutic, diagnostic and/or targeting moieties, within selective compartments
of the nanodevices. High efficiency in diagnosis and treatment of diseases and improving
patient quality of life and compliance can be achieved through understanding the molecular
events associated with various diseases, and combining the advances in the design of
therapeutic and diagnostic agents and nanomaterials, together with the innovative
instruments utilized for monitoring these agents. This review will focus on several recent
advances in the design of polymeric nanoparticles that have been utilized for delivery of
diagnostic and/or therapeutic agents, and the various barriers towards the clinical
development of these materials. After a brief overview of the capabilities and challenges
with medical imaging and therapy, in general, disease-specific examples of polymer
nanoparticles designed specifically to overcome the challenges and address unmet medical
needs will be discussed in detail.

2. Capabilities and challenges for medical imaging

Non-invasive medical imaging, including the use of X-ray computed tomography (CT),
magnetic resonance imaging (MRI), optical imaging, positron emission tomography (PET),
and single photon emission computed tomography (SPECT), is an essential tool for the
diagnosis of several critical diseases, such as cancer, cardiovascular diseases, and infectious
diseases, and for monitoring the progression and prognosis of these diseases, through
visualizing organs and internal structures with limited damage to surrounding tissues. The
anatomic and functional information obtained from medical imaging can provide evaluation/
estimation of disease staging, while also enabling guidance of therapeutic processes. While
each medical imaging modality has its own advantages and disadvantages, regarding the
sensitivity, spatial resolution, probing depth and time limitations (Table 1), it is often
necessary to acquire and combine information from more than one imaging method to
improve the diagnostic accuracy.® The intrinsic nature of the versatile construction and
functionalization of polymeric nanoparticles (i.e., multiple functionalities of imaging probes,
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biodistribution “tuners”, targeting ligands, and therapeutic agents can be accommodated
throughout the entire macromolecular frameworks in chemo- and regioselective manners)
have enabled facile and practical strategies for developing multimodal medical imaging that
can compensate disadvantages of one imaging modality from another.®

As the most commonly used medical imaging modality, the relatively faster and less costly
CT, compared with MRI and PET, generates three-dimensional (3D) images through the
reconstructions of cross sectional 2D x-ray pictures. The pathological tissues are identified
from the surrounding healthy tissues, based upon their different densities and the resulting x-
ray absorption variations.”8 To enhance the contrast between normal and anomalous tissues
during CT scanning, CT contrast agents, mostly based iodine or barium, are administered to
patients before imaging, thereby, improving the image resolution and specificity. The
current small molecule-based CT contrast agents, especially the most widely used iodinated
compounds, require relatively higher dosage (molar concentration range) than other imaging
modalities, such as MRI (millimolar concentration range), nuclear imaging (micromolar
concentration range), and optical imaging (nanomolar concentration range).® Although the
radiotoxicity of CT imaging is still controversial, development of contrast agents with higher
x-ray absorption coefficients is beneficial. For instance, other high K-line transition metals
and semiconducting materials have been exploited as contrast agents with higher x-ray
absorption coefficients. In addition, further improvement of CT agents should be addressed
to allow for specific localization, non-toxic metabolites, sufficiently long (2-4 h) blood
retention time, water solubility, and short clearance time from the body.® Therefore,
polymeric nanoparticles are under development, with comparable loading/conjugation
capacities of iodinated (or other contrast elements) moieties and prolonged blood circulation
times.10-12

MRI generates high resolution images (up to single-cell resolution) of soft tissues such as
muscles, joints, and brain. MRI uses strong magnetic field to align the nuclear spins and
generates images from emitted radio frequency (RF) from the nuclei when they return to
their original states. 1H signals from water molecules are most frequently visualized,
however, 13C, 31P, and 19F can also be observed, and abnormalities of tissues appear as
darker (T1-weighted) or brighter (To-weighted) than healthy tissues, due to differences in
relaxation times. Contrast agents that are used to improve visibility of organs and clinically-
used MRI contrast agents are paramagnetic gadolinium (Gd) reagents for T, imaging and
superparamagnetic iron oxide (SP10) for T, imaging.13-16 One of the limitations of MRI
imaging is the relatively long acquisition times required to obtain high quality images,
where patients are uncomfortable and restrained. There are limited applications of MRI for
patients with implanted metal devices because the metal could interfere with imaging, and
malfunction of the implanted metal device is possible during MRI acquisition within the
high magnetic field instrumentation. Both CT and MRI generate high resolution images, but
they provide only morphological information, with some exceptions such as functionalized
MRI (fMRI).

On the other hand, PET and SPECT can provide functional information via tracking
biochemical changes in specific tissues, a feature that is not available in CT and MRI.17 PET
and SPECT rely on detection of gamma rays, and allow for 3D tomographic image
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reconstruction. PET tracers emit positrons (anti-electron)-emitting radioisotopes, which emit
pairs of opposing gamma rays upon annihilation. SPECT tracers directly emit gamma rays.
The gamma rays are then collected by detectors surrounding the patient in PET or rotating
around the patient in SPECT.18 Recent CT scanners are equipped also with the SPECT
imaging module, which enables co-registration of high resolution CT images with functional
SPECT images. Commonly used tracers are 18F, 13N, 11C, 150, 82Rp, 68Ga and 64Cu,19-2
for PET, and 67Ga, 9°MTc and 11In for SPECT. PET is highly sensitive and quantitative, as
compared to SPECT. PET requires only 10711-1012 M of radioactive tracers, while SPECT
requires 10710-10711 M.8.10 Dye to the high sensitivity of PET, it is challenging to minimize
nonspecific uptake of tracers, which interferes with quantitative analysis.22 Also, challenges
result from the lifetimes of radioactive tracers that decay much faster than image acquisition
times. Therefore, it will be beneficial to develop tracers having lifetimes that coincide with
the time periods required for sample preparation, purification, distribution to remote imaging
facilities and completion of stable imaging.

Optical imaging, with fluorescent dyes and quantum dots, is a highly sensitive imaging
method that can detect up to 1079 to 10712 M concentration, while also avoiding x-ray
irradiation or the use of radionuclides and, therefore, being safer than CT and PET.
However, the most significant limitation for non-invasive optical imaging is the limited
depth of detection. Traditionally, quantum dots experienced issues related to their toxicities,
however, advances have been made with non-toxic inorganic Cornell Dots (C Dot) and other
materials, which are currently undergoing clinical trial.23 Optical imaging also can provide
functional imaging, by designing dyes with selective localization in target tissues, and/or
selective turn-on or turn-off capabilities in the presence of external or biological stimuli
(e.g., reactive oxygen species present at elevated levels at sites of inflammation).24-2% The
Phillips group developed small molecules that undergo signal amplification reactions in the
presence of singlet oxygen and generate a colorimetric output signal.2® Optical imaging is
the only imaging method that can acquire multi-channel images, simultaneously. Recent
progress in near IR dyes (680 ~ 880 nm) has expanded the possibilities for non-invasive
tissue imaging at depths approaching several cm without damaging tissues and organs.27-30
The development of near-infrared (NIR) dyes with higher quantum efficiency, greater
brightness, more selective stimuli-responsiveness,3! and lack of toxicity remains an active
area of research for clinical application of optical imaging.

The greatest potential impact of polymeric nanoparticles toward imaging, in general, is the
ability to increase contrast locally, by directing the biodistribution of high concentrations of
packaged small molecule contrast agents to a target organ/site in vivo, and also the
possibility that multiple types of contrast agents can be coincidentally carried within a
polymer nanoparticle package to achieve multi-modality imaging. Various imaging
modalities are compared in Table 1 with their ranges of spatial resolution, imaging depth,
and sensitivity. For anatomical (structural) imaging, MRI, CT, and ultrasound can be
applied, while physiological imaging of diseased tissues can be acquired by all of the
medical imaging methods, and molecular information such as protein composition in cells
can be acquired from MRI, PET, SPECT, and optical imaging. In addition to the imaging
modalities mentioned here, there are others. For instance, photoacoustic imaging is
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emerging, especially as advances are made with sensitive imaging agents, beyond non-
degradable inorganic materials (e.g., carbon nanotube, gold nanorod, etc.), including organic
polymer-based nanoparticle materials.32 Each medical imaging modality has its own
advantages and disadvantages. Therefore, multimodal imaging with multiple imaging
methods could provide complementary information and more accurate diagnosis.

3. Capabilities and challenges for medical therapy

Medical therapy, in particular the systems that target special events related to a disease, is
promising in treatment of several diseases on the molecular level, for instance, via correcting
genetic mutations or protein misfolding, or interfering with one or more of the pathway
cascades involved in disease progression. Diseased tissues are usually different from healthy
ones in several aspects, such as, having different microenvironment (pH or temperature),
permeability, drainage, or overexpressing specific proteins, enzymes or receptors. These
differences can be utilized to allow selective delivery once the therapeutic molecules could
overcome the various biological barriers and reach the diseased tissues and molecular
targets. The same principles apply for therapy as for imaging, where selective binding or
release of the diagnostic agents to the diseased tissues can improve the imaging contrast and
provide more efficient diagnosis and information on the disease status and progression.
Theranostic agents are being currently developed via either utilizing a particular probe or
drug that has therapeutic and diagnostic capabilities, or labeling therapeutic agents with
imaging probes, for both therapy and imaging. The use of a theranostic approach, in addition
to providing simultaneous therapy and imaging, reducing the frequency of administration,
enhancing patient compliance and decreasing the burden on patients and caregivers, can also
provide useful information on the drug biodistribution and clearance.

Selective delivery to the site of the disease can increase the therapeutic and imaging
efficacy, reduce adverse reactions, and reduce the cost. However, there are several
challenges towards this efficient delivery (Figures 1 and 2). Several of these drugs have poor
aqueous solubilities and, thus, cannot be solubilized, dispersed, or diluted in saline prior to
injection, or solubilized in other aqueous solutions for administration via other routes of
administration. Rapid degradation, enzymatic or hydrolytic, of some drugs, both in vitro
during storage and in vivo after administration (extra- or intracellularly), hinders drugs from
reaching their target sites in an intact form. Interaction between drugs and various biological
environments (depending on the administration route and target site) may destabilize the
drug, prevent their penetration to the target site or re-direct their distribution in the body
(Figure 1). The detailed biological barriers (external, en-route, internal) have been reviewed
previously by our group (Figure 2) and others.35-38

The main barriers towards the delivery of therapeutic and diagnostic agents to their target
sites are the external barriers that prevent them from entering the body (skin and mucosa that
cover body surface), blood, blood components, and extracellular matrices that hinder them
from reaching the targeted cells or sites in the various organs, and cellular barriers (limited
uptake, degradation in the endosomes/lysosomes or the cytoplasm, and low nuclear uptake,
if the nucleus is the target site). These barriers could also destabilize the various agents
before reaching their target sites. The tightly packed layers of the stratum corneum of the
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skin usually hinder penetration of various drugs, whereas the viscoelastic hydrogel of the
mucus that covers various body surface areas hinders the delivery to the underlying tissues
via several mechanisms.32-40 The mucus has various compositions (cells, bacteria, lipids,
salts, proteins, macromolecules, and cellular debris), thicknesses and pHs, depending on the
physiological region and disease status. Adhesiveness, steric hindrance and mucociliary
clearance are the main mechanisms for hindering efficient delivery through mucus. Drugs
that reach the bloodstream are subjected to opsonization, degradation, immune response,
non-specific biodistribution, renal, hepatic and/or splenic clearance.*! Drugs on the cellular
surface are usually not at their final destination yet, and they may not have the capability of
entering cells, especially for hydrophilic macromolecules, and after uptake, they may
degrade within the endosomal/lysosomal compartments. When the target site is a subcellular
organelle, such as mitochondria or the nucleus, one more barrier is included into the journey,
as these organelles do not allow non-specific uptake of various moieties (Figure 3).

4. Cardiovascular diseases, cancer and infectious maladies as targets for

medical diagnosis and therapy

4.1 Cardiovascular diseases

Cardiovascular diseases are the number one death-causing disease and according to the
World Health Organization, in 2012, 3 in every 10 people worldwide died from
cardiovascular diseases (CVD).** In the United States, in 2010, more than 300 billion
dollars were spent on medical expenses due to CVD.#® Diseases related to the
cardiovascular system include atherosclerosis, hypertension, and coronary artery diseases
(CAD), which could result in heart attack or stroke. The majority of cardiovascular diseases
are related to plaque formation in blood vessels. Atherosclerosis is an immune disease in
arteries, initiated from low density lipoprotein (LDL) permeation into vessel walls, due to
endothelial dysfunction. Atherosclerotic plaques stiffen blood vessels and the progression of
plaques may lead to coronary artery disease, which could eventually block the artery, hinder
blood flow to the heart and, thereby, cause cellular death in the heart and heart failure.
Plagues covered by an unstable cap could be ruptured and block blood flow to the heart.
Blood vessels are composed of three layers, tunica intima, tunica media, and tunica
adventitia. The inner-most layer is the tunica intima and the interface between the intima and
vessel lumen is protected by a monolayer of endothelial cells. When the endothelium is
damaged by high blood pressure, high cholesterol intake, smoking, obesity, diabetes and
LDL, components in blood lumen leak into the intima, and, thus causing inflammation and
recruitment of monocytes from the blood stream. Monocytes differentiate into macrophages,
which then ingest oxidized LDL and change into foam cells (Figure 4). Cell debris and
lipids from dead cells can promote accumulation of extracellular lipids to the site and spread
out plaques in the vessel wall.*® This plaque area is later covered by a fibrous cap composed
of vascular smooth muscle cells, macrophages, and extracellular matrix components, such as
collagen. Some plaques are stable enough to last for a long time without undergoing a
rupture event, but plaques with large lipid cores, low smooth muscle cell content, high
macrophage content, and a thin fibrous cap are prone to rupture that leads to arterial
blockage.
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Early and specific detection of atherosclerotic plaques are crucial for treatment and to avoid
fatal consequences from rupture. Monocytes and macrophages could serve as biomarkers of
disease progression for atherosclerosis, as well as, cancer and myocardial infarction.
Monocyte recruitment to sites of inflammation is mediated by C-C cytokine receptors
(CCR), such as CCR2.4" Therefore, imaging agents conjugated with CCR2 ligands could be
used for targeted imaging for early detection of atherosclerosis. Likewise, translocator
protein (TSPO) receptors and somatostatin receptors on macrophage membranes are
characteristic markers for early stages of atherosclerosis. Macrophages in the inflammation
site require high energy, which is provided from glucose. The most common PET

tracer, 18F-2-deoxy-2-fluoro-D-glucose (18F-FDG), recognizes increased uptake of glucose
by macrophages in the intima, which is a sign of inflammation. Progression of
atherosclerotic plaques can be recognized by hypoxia, angiogenesis from the vasa vasorum,
and microcalcification in the stiffened arteries. Smooth muscle cells also play a significant
role in blood vessel stiffening. Tanaka and co-workers reported the regulation of vascular
smooth muscle cells (SMCs) by nuclear factor (NF)-xB.48-49 It has been reported that the
late stage of atherosclerosis is associated with CCR5 activation, which could also be utilized
as a potential biomarker for plaque instability.>? Natriuretic peptides (NPs) have potent
antiproliferative and antimigratory effects on vascular smooth-muscle cells (VSMCs) and, in
atherosclerosis, the expression of NP clearance receptors (NPR-Cs) is upregulated both in
endothelium and VSMCs and participate in vascular remodeling.5! Application of C-type
atrial natriuretic factor (CANF) fragment in atherosclerosis diagnosis and treatment has been
proposed, and recently nanoparticles labeled with CANF have been approved for human
clinical trials.52 Figure 4 summarizes mechanisms of atherosclerosis progression and
therapeutic strategies using nanomedicine.>3

Tumor/neoplasm is uncontrolled growth of cells, where this group of cells might have the
ability to spread in the body via invasion and metastasis through the blood and lymph
systems. The main characteristics of cancer are sustaining proliferative signaling, evading
growth suppressors, avoiding immune destruction, enabling replicative immortality,
promoting inflammation, invading and metastasizing, inducing angiogenesis, accruing
genome instability and mutation, resisting cell death, and deregulating cellular energetics,>*
which are shared by more than 100 cancer-related diseases. These diseases can be
categorized by the type of cell or tissue in which cancer originates, including carcinoma,
sarcoma, leukemia, lymphoma and myeloma, central nervous system cancers, etc. Cancer
usually acquires these characteristics due to genetic and epigenetic alterations, which
consequently result in molecular variations, such as, overexpression of receptors and
proteins, changes in upstream and downstream effectors, and tumor progression.>5-61
Alteration in signaling pathways is commonly observed in cancer and usually affects
cellular proliferation, angiogenesis and apoptosis. Some of the molecules that are
overexpressed in cancer are vascular endothelial growth factor (VEGF), platelet-derived
growth factor receptor  (PDGFR f), and basic fibroblast growth factor (bFGF), which are
key factors in the growth of new blood vessels and in increasing the vascular
permeability.62-64 Sometimes, overexpression of specific molecules or receptors serves as a
“benchmark” for some tumors. For instance, ASGP-R (endocytic cell surface receptors) and
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glycyrrhetinic acid (GA) receptors are highly expressed in hepatocytes and, thus, can be
utilized for targeted drug delivery for treatment of liver cancer.85-6% Understanding these
fundamental biological processes of cancer facilitates the advancement of treatment
strategies.

Cancer can be treated in several ways, including surgery, chemotherapy, radiation therapy,
hormonal therapy, immunotherapy, hyperthermia, stem cell transplantation, photodynamic
therapy, laser surgery, etc., where more than one strategy can be combined together,
depending on the type and stage of cancer. To date, complete removal of cancerous tissues
remains challenging, since cancer cells can invade normal adjacent tissues and metastasize
to distant body parts. As biological information about cancer has been accumulated,
development and modification of treatments have been pursued in order to eradicate cancer
cells selectively from the patient and minimize side effects.

The two main goals for the treatment of cancer with various therapeutic agents are the
selective delivery of drugs to the target sites and interfering with molecular events involved
in the cancer progression without affecting normal healthy cells. Characteristics of
cancerous tissues, such as the leaky vasculature and impaired lymphatic drainage, can be
utilized to enhance selective delivery and accumulation of various therapeutics and/or
diagnostics into tumor tissues. However, small molecules usually extravasate quickly from
blood vessels within short blood circulation times that do not allow for sufficient
accumulation in the tumor tissues, and usually clear rapidly from tumors after accumulation
via elevated interstitial fluid pressure. Extravasation into tumor tissues, due to the leaky
vasculature and accumulation at the cancerous tissues of impaired lymphatic drainage, is
most well-known as the “enhanced permeability and retention (EPR)” effect.”0

A variety of biomarkers and receptors associated with cancer progression could be
employed to improve the extravascular transport of drugs to reach the target tumor sites by
specific ligand-receptor interactions.’1-73 The effect of utilizing various ligands conjugated
to drugs or carriers that contain the drugs, including antibodies and antibody fragments,
aptamers, peptides, and small molecules, or targeting molecular events specific to cancer
underlying mechanisms, has been confirmed to improve therapeutic efficiency. However,
there are still several challenges towards effective delivery, including the rapid clearance of
small therapeutic molecules, environmental or enzymatic degradation of therapeutic agents,
limited aqueous solubility and low selectivity of conventional anticancer drugs, biological
and biophysical barriers that hinder targeting, such as, the tight junctions between epithelial
cells in the blood-brain barrier, etc.

4.3 Infectious diseases, with a focus on pulmonary infections

Infectious diseases are usually caused by bacteria, viruses, parasites or fungi. They usually
spread from one to another, and, sometimes, could become serious, difficult to treat, and
life-threatening. More recently, the outbreaks of Ebola, influenza, salmonella, HIV, etc.
have brought worldwide attention to zoonotic diseases that can be transmitted to humans by
infected animals. Since the expansion of the global transport network, infectious diseases
have become more broadly transmissible, 4 increasing the urgency to develop efficient
treatment methods. Although there are several therapeutics and diagnostics that have been
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tested with varying degrees of success for management of infectious diseases, the poor
bioavailability (due to rapid metabolism and excretion from the body or inactivation of
drugs) and serious side effects of some of these agents, development of resistant
microorganisms, and biological barriers that hinder the efficient delivery of therapeutic and
diagnostic agents to the infection sites, compromise the expected therapeutic outcomes.’>77
We have a keen interest in the treatment of pulmonary infectious diseases, due to their
prevalence, limited diagnosis and treatment strategies, and promise for direct routes of
administration, which may avoid complications from systemic delivery and damage to the
human microbiome, among other beneficial microflora. Examples of infectious diseases that
affect the lung are pneumonia, tuberculosis, and chronic obstructive pulmonary diseases.
Barriers towards the delivery of antimicrobials for the treatment of infectious diseases
depend upon the type and site of infections, and could include but are not limited to, multi-
drug resistant bacteria, need for high doses, which often results in toxicity, mucociliary
clearance, steric hindrance of drug uptake, presence of enzymes and macrophages in the
mucus gel and tissues, and high viscosity of sputum, especially in the case of cystic
fibrosis.9:36:46-54 For instance, mucus is a viscoelastic hydrogel secreted by the mucosal
glands to protect regions that are not covered by the skin, with varying composition,
thickness and permeability depending on the region and disease status.*? The use of physical
or chemical methods to hydrolyze mucin and mucolytic agents can enhance penetration of
the drug by reducing the viscosity of mucus.”8-80

5. The design of polymer nanostructures to address challenges in imaging

and therapy

5.1 Significance and versatility

Polymeric nanostructures have the potential to improve the medical outcomes of various
therapeutics and diagnostics by enhancing the accumulation of the embedded active species
into the target sites of diseased tissues via passive and/or active targeting (Figure 5-7). They
can also be utilized for combinational therapy/diagnosis. In passive targeting, nanoparticles
accumulate into pathological sites with leaky vasculature (e.g. tumor and inflammation sites)
due to the EPR effect (vide supra), whereas active targeting is achieved through decorating
the surface of nanoparticles with targeting ligands that bind to receptors overexpressed on
the diseased tissues. Active targeting features can also be incorporated into the
nanostructures via including stimuli-responsive components into the nanomaterials. Ideally,
both targeting mechanisms aim to concentrate the nanomaterials, while containing the
embedded drugs and/or diagnostic probes, at the diseased tissues and avoiding accumulation
or drug-release at healthy tissues. No matter which targeting strategy is employed, a
common characteristic of nanoparticulate materials is that loading drugs into nanoparticles
redirects the biodistribution, preventing small molecule drugs from passing through normal
blood vasculature, renal tubules, and other pores < 10 nm to eliminate rapid biological
clearance and alleviate severe side effects systemically. Instead, nanomaterials can permeate
through and accumulate into pathological areas with leaky vasculature (pores > 100 nm).
Local routes of administration offer opportunities to further narrow the selective region of
access of nanomaterials, for instance to diseased skin, lungs, urinary tracts, etc.
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Typically, nanoparticle-based carrier materials possess a core-shell morphology, for which
the nature of the core-forming polymer dictates the type of therapeutics/diagnostics that can
be incorporated into the nanomaterials, whereas the composition and structure of the shell-
forming polymer components (e.g., the polymer chain length, spacing and the incorporation
of crosslinking moieties) control the stability of nanoparticles and their blood circulation
time. Although there remain several challenges towards the development of effective
therapeutics, the ability to control their characteristics via chemical modifications of the
building blocks is an exciting strategy to improve the utility of nanomaterials for biomedical
applications. The building blocks can be modified to encapsulate hydrophobic drugs, nucleic
acids, enzymes, hormones, small peptides and other macromolecules. They can also be
modified to respond to external or internal stimuli.

5.2 Nanoparticle design principles, components and types of structures

There are several types of nanomaterials that are summarized in Table 2 and Figure 8. The
main focus of this review is on polymeric nanoparticles that have been utilized for therapy
and/or imaging. Multifunctional polymeric nanoparticles with precise control over the
architectures of the individual polymer components and overall nanoparticle composition
can be engineered via bottom-up controlling the polymer chemistry and supramolecular
assembly (Figure 9). The chemistry of polymer precursors can be modified for efficient
encapsulation of various therapeutic molecules. For example, chemical modification with
hydrophaobic side chains or cationic functional groups can be utilized for incorporation of
hydrophobic drugs and nucleic acids, respectively. These drugs can also be covalently
attached onto polymers to afford drug-polymer conjugates, which consequently eliminate
the diffusion-dominated premature release and provide further tunability of either
hydrolytically- or enzymatically-induced controlled release. Diagnostic probes can be
included into these materials through orthogonal chemical modifications. Hierarchical
assembly of various nanostructures could be utilized to incorporate all these functionalities
into one set of nanomaterials, as will be explained later.

Hydrophilic polymer components/segments should be carefully selected to mask the
hydrophobic domains of the nanoparticles and the embedded cargoes, and to allow for
prolonged blood circulation time, low interaction with extracellular matrices and with the
immune system components. Poly(ethylene glycol) (PEG), also known as poly(ethylene
oxide) (PEO) or polyoxyethylene (POE), is the most commonly-used polymer to coat
various types of nanomaterials and to impart stealth properties. Other polymers have been
investigated also to form the corona of nanoparticles, such as poly(N-(2-hydroxypropyl)
methacrylamide) (PHPMA), poly(acrylic acid) (PAA), poly(N-vinylpyrrolidone), poly(N-
isopropylacrylamide) and poly(carboxybetaine) (PCB).82-87 Although still controversial, it
was reported that PCB can impart antibiofouling effect better than PEG, possibly due to
better hydration of corona via electrostatic binding of water molecules more tightly than
hydrogen bonding in case of PEG, and thus minimizing protein adsorption on the surface of
nanoparticles.85-87 Antibiofouling means lower competences for adsorbing proteins or other
opsonins in the surrounding environment.
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Wooley and coworkers have performed rigorous in vitro and in vivo comparisons between
two sets of shell crosslinked knedel-like nanoparticles (SCKs) coated with either non-ionic
PEG or zwitterionic PCB, in terms of physicochemical characteristics, stability,
pharmacokinetic profiles, immunotoxicity and antibiofouling properties (Figure 10).88-89
SCKs are polymeric nanoparticles formed via self-assembly of amphiphilic block
copolymers into micelles, followed by selective crosslinking of some of the functionalities
in the shell layer to provide greater stability against dilution, prolonged circulation time,
reduced toxicity, as compared to the non-crosslinked micellar analogs.3%:90-100 These
nanoparticles were formed through first synthesizing poly(acrylic acid)-block-polylactide
(PAA-b-PLA) copolymers and then utilizing the PAA block segment to graft PEG and PCB
of various molecular weights (2 and 5 kDa PEG and PCB).88 To prepare multifunctional
nanoparticles that can be utilized for both PET imaging and potential therapy, DOTA
chelator and tyramine were covalently incorporated by following an established “pre-
grafting” strategy.191-102 Sjgnificant differences in the physicochemical properties and in
vivo characteristics were found between the SCKs grafted with PEG and PCB. Both PEGg-
and PCBgy-SCKs had similar size distribution and zeta-potential values, whereas the
nanoparticles before functionalization with PEG or PCB had larger sizes, broader size
distributions and higher negative zeta-potential values (in particular, as compared to the
PEGsk- and PCBg5,-SCKSs), which highlights the benefits from the steric stability imparted
by the PEG and PCB polymers of higher molecular weights. It was found that the parent
PAA-b-PLA was immunotoxic, with grafting by either PEG or PCB leading to a reduction
of immunotoxicity, however, SCKs derived from both of the PEG- and PCB-grafted
polymers remained immunotoxic. PCB-based nanoparticles induced a higher release of
proinflammatory cytokines, both in vitro and in vivo, than did PEG-SCKSs. The uncoated
nanoparticles resulted in high release of most of the measured cytokines, probably due to the
absence of the shielding effect of PEG and PCB for the coated nanoparticles. The uncoated
nanoparticles resulted in higher adsorption of the measured cytokines, which is due to the
anionic nature of these SCKs and the lack of stealth properties. The higher adsorption of
proteins on PCB polymers and nanoparticles, as compared to those which were PEGylated,
together with the higher in vitro and in vivo immunotoxicity, correlated well with the longer
blood circulation time and lower clearance in the immune organs of the PEGg,-SCKSs, as
compared to PCBs,-SCKs.88 Biocompatible nanoparticles should not induce a massive
release of cytokines. As potential toxicities and immunogenicities of PEGylated therapeutics
were previously reported,193-105 glternative degradable PEG analogs are currently under
investigation to improve the safety profiles of PEG-based therapeutics.196 However, it is
worth mentioning that safety, biocompatibility and performance of nanomaterials depend on
the overall nanoparticle composition, and not only that of the shell.

The recently-developed controlled polymerization methodologies not only provide a
powerful toolbox for incorporation of diverse functionalities into polymers, but also enable
precise rationalization of drug/targeting ligand/probes-to-polymer or unimer-to-unimer ratio,
beyond the “conventional” polymer structures outlined in Figure 9, and, thus providing a
possibility of predefined control over the size and shape of the formed nanoparticles. The
size and morphology of polymer nanoparticles serve as critical characteristics for their in
vivo fates, such as, blood circulation time and organ biodistribution. While spherical
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nanostructures with hydrodynamic diameters (Dys) ranging from tens to hundreds of
nanometers have been extensively studied, recent research activities on ultrasmall
nanoparticles with Dy, at the sub-10 nm scale revealed noticeable advantages of enabling
effective renal excretion32 and minimizing off-target accumulation,133 which are attractive
features for developing nanoparticulates for imaging applications. However, the decrease of
nanoparticle size can enhance its permeability to both healthy and diseased tissues, and can
also result in rapid clearance from the blood and thus reduced accumulation in the targeted
tissues, which deceases the benefits from nanoparticles in some therapeutic applications,
such as in the case of cancer therapy. Regardless of the size of nanoparticles, imparting
stability that prevents premature dissociation and release of the loaded therapeutic/
diagnostic cargoes is crucial.

5.3 Crosslinking

Premature disassembly of nanoparticles into the polymer constituents and/or breakdown into
degradation products result in premature release of their loaded cargoes, and is considered as
one of the main challenges towards the effective delivery of nanoparticle-packaged
therapeutics to their target sites. Not only releasing the drug prematurely, but also the free
polymeric chains may induce cyto/immunotoxicity. Stereocomplexation, non-covalent
interactions and crosslinking of one or more components of the polymers components are
some of the most commonly-utilized strategies to enhance the stability of
nanomaterials.134-136 Crosslinking can be performed within either the core or the corona of
pre-formed micelles (Figure 11). Synthesis of unimolecular/hyperbranched structures that
are not prone to dissociation upon dilution is another way to yield stable nanostructures.

The effect of chemical composition and crosslinking of different block copolymers and the
relative copolymer block length on the size, core/shell dimensions, loading and release
kinetics and pH- and thermo-responsiveness of SCKs were previously reviewed by our
group and others.%9:137-139 The focus of this section is on the superior characteristics of the
crosslinked nanomaterials over their non-crosslinked precursors, such as allowing for unique
processing opportunities, including overcoming complications of aggregation during
lyophilization processes, biological advantages, including slower kinetics of release of
therapeutic guests,83:140 higher kinetic- and blood stability,2141 longer pulmonary retention
to provide for extended release, 140 and lower cyto/immuno/toxicities, introductions of
structural/functional factors that enable stimuli-responsive functions, as well as, affording
unusual nanoparticle properties and structures, including stabilization of nanocrystals and
the formation of nanocages.

Effect on the stability of nanoparticles during lyophilization processes—
Freeze-drying is one of the most valuable techniques to improve the long-term stability of
nanoparticles to overcome the limited stability in aqueous solutions.242 However,
lyophilization had a limited success due to nanoparticle aggregation events that often occur
during the process and prevent resuspension. Lyoprotectants (e.g. sugars and polyalcohols)
have been utilized to prevent aggregation during the freezing step of the lyophilization,
although the use of these materials might be limited with some patients, as in the case of
diabetic patients. Crosslinking has been shown to be a useful tool for overcoming

Chem Rev. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elsabahy et al.

Page 13

aggregation during freeze-drying. For instance, stable, freeze-dried polyplexes consisting of
a crosslinked thiolated poly(L-lysine) core and PEG shell and plasmid DNA (pDNA) were
prepared.®* The disulfide-crosslinked polyplexes showed excellent stability during freeze-
drying and reconstitution processes, whereas the non-crosslinked analogs formed visible
agglomerates. The freeze-dried nanoparticles achieved a similar in vitro transfection, as
compared to the original formulations, and have also demonstrated gene expression in vivo
in mice.

Effect on pharmacokinetics and biodistribution—Shell length, spacing and
crosslinking of the shell are critical parameters that dictate the blood circulation time and
stability of nanoparticles with ~1 nm spacing found to be efficient in preventing protein
adsorption.22:35.143-144 gpecial efforts have focused on increasing the kinetic stability of
these nanoassemblies to enable them to withstand the harsh biological barriers that they
experience during circulation in the blood and down to the cellular and subcellular levels,
until they deliver their guest molecules. Among the different strategies to enhance the
kinetic stability of polymer micelles, shell- and core-crosslinking have been shown to limit
the premature disassembly and slow the release of the encapsulated drug. Seminal work by
Kabanov and coworkers, involving direct comparison of crosslinked and non-crosslinked
nanoparticle materials, showed that the crosslinked analogs exhibited enhanced blood-
stability and accumulation in the brain tissues of treated mice than the non-crosslinked
complexes.2 In an attempt to study the effect of crosslinking on the ability of nanomaterials
to provide sustained release of high concentrations of therapeutics locally in the lung via
direct administration, Wooley and coworkers have developed biodegradable
polyphosphoester-based polymeric micelles and SCKs loaded with ultra-high levels of
paclitaxel (PTX). Upon intratracheal administration into mice, SCKs were retained in the
lung of the treated mice for almost twice the time of their micellar counterparts (ca. 8 d vs. 4
d, respectively).140

Effect on toxicity and immunogenicity—Kabanov and coworkers have found that
crosslinked PEG-b-poly(L-lysine hydrochloride)-based nanoparticles had lower cytotoxicity
than their non-crosslinked complexes, which was explained by reducing the release of free
copolymer chains and, thereby, limiting the molecular-level interactions with the cell
membrane.92 As a follow-up, Wooley and coworkers investigated the immunotoxicities of
nanoparticles of various compositions by incubating RAW 264.7 mouse macrophages with
various formulations of micellar assemblies vs. their shell-crosslinked nanoparticle analogs
for 24 h, and measuring the levels of 23 different cytokines. Induction of cytokines by
polyphosphoester-based nanoparticles was substantially reduced by the introduction of
crosslinks within the shells of the zwitterionic and cationic micelles.14° In another study,
poly(acrylamidoethylamine)-block-poly(DL-lactide) (PAEA-b-PDLLA) copolymers were
synthesized, self-assembled in water to yield nanoscopic polymeric micelles, and the effects
of decorating the micellar surface with PEG and crosslinking the PAEA layer to varying
extents on the immunotoxicity of the nanoparticles were studied. It was observed that a
nominal 20%-crosslinking of the micelle shell functionalities was more efficient than
PEGylation of micelles and PEGylation of the 5%-crosslinked SCKs in reducing the release
of cytokines.246 Immunotoxicity associated with non-crosslinked PEG-micelles highlights
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the advantages of using crosslinked nanoparticles. In comparison, Lipofectamine™ induced
significantly higher expression of almost all the tested cytokines as compared to both
PDLLA- and polyphosphoester-based nanoparticles, which confirm the usefulness of
designing degradable nanomaterials in reducing immunotoxicity. The reasons for the lower
toxicity could be the suppression of block copolymer release, reducing the flexibility of the
outer shell, and minimizing the accessibility of the surrounding biomolecules to the shell/
core components (Figure 11). Limiting the flexibility of the shell with crosslinking hinders
the nanoparticles from rapid dissociation and interaction with the surrounding biomolecules.

Functional crosslinking—Crosslinking can be utilized to incorporate imaging probes to
nanostructures by utilizing functional crosslinkers. For instance, Achilefu et al. reported
NIR fluorescent nanoparticles prepared from core-crosslinking of micelles with cypate-
diamine crosslinkers.14” Through optimizing the stoichiometry of cypate-diamine vs.
aldehyde reactive moieties, NIR nanoparticulates could achieve nine-fold increase of
brightness over small molecule cypate fluorophore, while maintaining comparable quantum
yield. Polymer nanostructures crosslinked with fluorophore-containing crosslinkers also
provided profound and beneficial “feedbacks” to the photophysical properties of fluorescent
probes, as evidenced by Wooley, Dorshow, Neumann, and coworkers.148-150 The covalent
incorporations of pyrazine, a pH-insensitive fluorophore, into nanostructures with different
chemical compositions, sizes, and morphologies through crosslinking chemistry produced
notably pH-driven high vs. low fluorescence outputs or ratiometric dual-emissions.

Structural pH-responsivity can also be introduced to nanoparticles through functional shell-
crosslinking of micelles with acetal-based hydrolytically-labile crosslinkers.151 The
chromophore acetals were “inert” at physiological pH, which enabled sufficient integrities to
SCKs and the chromophores. Upon exposure to cancer cell lysosomal pH, rapid hydrolysis
of acetals occurred and released the chromophore aldehydes. Cui and coworkers developed
oligopeptide-based enzymatically-degradable crosslinker and demonstrated the prompt
disassembly of crosslinked nanostructures after selective cleavage of the GPQGIAGQ or
IPVSLRSG sequences on crosslinkers by matrix metalloproteases-2 (MMP-2).152

Nanocages—Crosslinking has also been an efficient strategy for stabilizing nanocages and
drug crystals.96-97.153-154 Eor instance, Leroux and coworkers have crosslinked the stabilizer
molecules on the surface of PTX nanocrystals to yield stable nanocages that retained the
drug nanocrystals within the inner compartment.%” The advantage of utilizing this technique
is that it provides a great stability for the entrapped drug without covalent interactions,
which ensures that the drug is maintained in an active form. Shell-crosslinking has also been
utilized to transform shell-crosslinked nanoparticles or polymer brushes to nanocages via
chemical degradation of the core domains,154-157 with control over nanoparticle shape,1°8 as
well as size.159-160 The water-filled core of nanocages can host large quantities or sizes of
various drugs, such as proteins and nucleic acids. The shell can be crosslinked using
diamine, dicarboxylate or disulfide crosslinkers, among other chemistries, depending on the
pendant functionalities on the shell polymer chains, followed by chemical degradation of the
core, for example, via ozonolysis of polyisoprenel>4-157 or hydrolysis of polyester!61-162 tg
form the nanocages, of course, with proper optimization of the polymer chemistry and
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reaction conditions.195-156 Recently, an elegant synthesis of polyelectrolyte nanocages has
been developed by Cheng and coworkers.163 Different from the conventional excavation of
the core domains of crosslinked nanoparticles, their “crystal-forming” mini-emulsion
approach involved the facile construction of well-defined emulsion droplets comprised of
crystalized n-docosane and adsorbed surfactant monolayer. Followed by polymerization and
crosslinking of the acrylol groups located within the aqueous/organic interface, nanocages
with monolayer-thick shells were obtained. They further advanced this droplet-first synthetic
strategy to cationic amphiphilic PLA copolymers bearing pendent alkene functionalities and
prepared novel cationic nanocages loaded with doxorubicin.160 After rendering the
nanocages with siRNA, it was demonstrated that the nanocages could be used for drug-gene
co-delivery.

Factors to be considered in crosslinking—Intermediate stability to circumvent
physiological barriers and at the same time be able to release the drug at the target sites is
required and can be achieved with different methods, for instance, by crosslinking.
Considering the approximate size of plasma proteins and constituents (~1-10 nm), it is
desirable to maintain the spacing between PEG chains as small as possible to minimize the
interactions between the plasma components and the core material. Crosslinking the corona
by biodegradable crosslinkers is also important to retain the spacing and avoid the
dissociation and segregation of the PEG chains. However, elimination of these entities and
hindrance of the release of their cargoes should be considered, as the efficiency of
crosslinking could be varied by several factors.164 A balance between the appropriate degree
of crosslinking that reduces toxicity and increases stability, but at the same time does not
induce aggregation during the crosslinking or hinder in vivo clearance is critical.

6. Polymeric nanostructures for theranostic applications

6.1 Medical imaging

6.1.1 Unimodal medical imaging—There have been great efforts to improve medical
imaging agents to enhance the significantly differing characteristics of high resolution and
sensitivity during imaging and long-term shelf-life and high formulation stability of the
agents during storage and utilization. However, there are few imaging agents that have been
approved by the FDA over the past five years.165-166 FDA-approved contrast agents and
molecular imaging probes and contrast agents are listed in the Molecular Imaging and
Contrast Agent Database (MICAD).167 Among the few recent FDA-approved agents

are 11C-based PET imaging agent (Choline C-11) for prostate cancer detection, 18F-based
PET imaging agent (AMYVID™) for -amyloid neuritic plague detection, Gd3*-based MRI
agent (Gadavist®) for brain and spine imaging, 1231-based SPECT agent (DaTscan"") for
Parkinsonian syndromes evaluation, and iodinated CT agent (Scanlux). In this article, we
will focus on newly-developed imaging agents with a main interest in polymeric
nanostructures.

Polymeric imaging agents have contrast agents or tracers conjugated or chelated to the
polymer structures and/or physically encapsulated in the polymeric matrix.168 CT is one of
the most popular imaging modalities in clinical settings. Nano-sized CT contrast agents have
been developed by many research groups to increase the sensitivity of CT imaging.169-170
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Among them are iodine-containing micelles,17 dendrimeric imaging agents,72 and
nanoparticle- or polymer-based contrast agents comprised of gold (Au),11173 gadolinium
(Gd),174 ytterbium (Yb),17° tantalum (Ta),17® or bismuth (Bi).1/7-179 |odinated oil, such as
Lipiodol®, is approved by the FDA for clinical imaging, and iodinated oil-containing
polymeric nanoparticles have been developed with methoxy-terminated poly(ethylene
glycol)-block-poly(e-caprolactone) (mMPEG-b-PCL).171.180 |odinated mPEG-b-PCL
nanocapsules showed enhancement in contrast, improved blood persistence and superior
stability (up to 3 months in aqueous suspension). Poly(sebacic-co-ricinoleic acid) with
iodinated oil was used for implant visualization with CT and showed a possibility to trace
changes in biodegradable implants.181

Polymeric nanoparticles have been shown to improve MRI by delivering Gd or SP10
nanoparticles with limited success in targeting selective tissues, and also, in some cases,
achieving therapeutic delivery (see section 6.3 for details of theranostic examples). For
instance, the Zhang group developed a degradable Gd-based nanoparticle system, comprised
of a mixture of multiblock polymers poly(lactic acid)-poly(ethylene glycol)-poly(.-lysine)-
diethylenetriamine pentaacetic acid (PLA-PEG-PLL-DTPA) and the pH-sensitive poly(.-
histidine)-poly(ethylene glycol)-biotin (PLHPEG-biotin) for MRI of hepatocellular
carcinoma.182 Gd ions were chelated to the DTPA groups for MRI and biotinylated vascular
endothelial growth factor receptor (VEGFR) antibodies were linked to the PLHPEG-biotin
through the avidin linkers for targeting. The polymeric nanoparticle exhibited 3.6 times
longer T relaxivity (17.3 mM~1 s71) than the commercial agent and also showed great
potential as a theranostic agent (vide infra). Folate targeted SP1O-encapsulated PEG-b-PCL
nanomicelles (Fa-PEG-PCL-SPIONSs) exhibited unique spatial resolution for MRI of cancer
cells in Bel 7402 tumor-bearing mice.183 Recently, Boyer and co-workers reported a
versatile and efficient in situ method to prepare complex assemblies of iron oxide
nanoparticles encased within triblock copolymer chains comprised of poly-(oligoethylene
glycol methacrylate)-block-(methacrylic acid)-block-polystyrene (POEGMA-b-PMAA-b-
PST).184 As the polymerization proceeded, the heterogeneous inorganic-organic polymeric
nanoparticles assembled into different morphologies including spherical, rod-like and worm-
like micelles, and vesicles, where vesicles showed the highest relaxivity, and, thus can be
utilized as effective MRI agents.

Commonly-used isotopes for PET imaging have various half-lives from 110 min (18F) to
4.18 d (1241). The choice of radiotracer should be correlated to the circulation time of the
nanomaterial.18% Polymeric nanomaterials can be optimized for such demand by
customizing their compositions and structures, including their internal volumes and external
surface areas, with differentiation and independent chemical control. The surface also can be
modified with biologically-active ligands for specific targeting.22 In one of the most
systematic early studies, Hawker, Welch and co-workers synthesized star!86 and comb187
polymer nanostructures containing methoxy-terminated-PEG (mPEG) and 1,4,7,10-
tetraazacyclododecanetetraacetic acid (DOTA) labeled with 54Cu acetate, and demonstrated
that their chemistries allowed for tunability of their blood circulation lifetimes. For instance
by using 5.0 kDa, 2.0 kDa, and 1.1 kDa mPEG chains, 31 + 2% of the 5.0 kDa combs
remained in blood circulation at 48 h post-injection, which was ca. 10-fold higher than for
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the 1.1 kDa mPEG comb, with the 2.0 kDa comb exhibiting intermediate biodistribution
behavior. In contrast, the small molecule DOTA-54Cu complex cleared renally within
minutes. The comb having 5 kDa mPEG chains was further conjugated with C-type atrial
natriuretic factor (CANF) peptides and used for PET detection of upregulated natriuretic
peptide clearance receptor (NPR-C) associated with atherosclerotic-like lesions in an animal
model.52 The nanoparticles have demonstrated longer blood circulation time, higher
standard uptake value (SUV), and higher specificity in PET imaging compared to CANF
alone. Because of the simplicity of the labeling strategy by chelation in a final step after
nanoparticle production, there have been several polymer-based nanoparticle scaffolds to
which 84Cu has been chelated, including SCKs constructed from DOTA-lysine pre-grafted
PAA-b-PS precursors, 101 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A)
functionalized dextran-coated manganese doped silicon (Sipy) QDs,88 polymeric micelles
assembled from 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-TE2A) conjugated triblock
copolymer,189 and polymer nanoparticle based on elastin-like polypeptides.1® Of great
importance to the translation of nanotechnology to clinical medicine, the CANF-comb
polymer nanoparticles represent one of the few examples of nanomaterials that have entered
human clinical trials.

18F_FDG is the most commonly used PET tracer in cardiovascular imaging, but it can
accumulate in any cells that metabolize glucose and cause high background signal. To
overcome the limitation, novel PET tracers have been developed to track precursors to
plaque rupture and its clinical sequelae.1%0 These tracers include 58Ga-[1,4,7,10-
tetraazacyclododecane-N,N’,N”,N'”;- tetraacetic acid]-o-Phel, Tyr3-octreotate
(DOTATATE), 18F-fluoromethylcholine (FMCH), and 11C-PK11195 for macrophages, 18F-
fluoromisonidazole (FMISO) for hypoxia, $8Ga-1,4,7-triazacyclononane-1,4,7-triacetic acid-
Arg-Gly—-Asp (NOTA-GDD) for neoangiogenesis, and 18F-NaF for microcalcification
detections (Figure 12). Future directions for nanoscopic imaging agents may take advantage
of these small molecule developments, however, challenges are likely to result due to the
covalent 18F chemistry and its short half-life. A couple of initial approaches have combined
the rapid, near quantitative coupling of “click” chemistry192-192 or oxime chemistry193

with 18F or 64Cu labeling of nanostructures to achieve radiolabeling yields with high
efficiency. Meanwhile, the recently-developed fluorination toolboxes in organic
chemistry194-195 can also be adapted as additional synthetic pathways to effectively
construct the C-18F bonds within 30 min.

6.1.2 Multimodal medical imaging—Each imaging method has inherent limitations,
therefore, complementary information from multimodal imaging can provide more accurate
information and, as a result, avoid false diagnosis.> Polymeric nanoparticles have the ability
to carry several different types of imaging agents as cargoes or via conjugation to the
polymer structure.168 Ligand or peptide modification to the polymeric structure also allows
targeted delivery of imaging agents to the site of interest.® There have been numerous
studies to develop polymeric nanoparticles as contrast agents for multimodal medical
imaging.22 In this section, combinations of imaging modalities are addressed, each with a
focus on recent progress in developing polymeric nanoparticles as multimodal imaging
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tracers. Table 3 summarizes recently developed multimodal imaging agents based on
polymeric nanoparticles.

Fluorescence optical imaging has high sensitivity and has great advantage of producing
multi-channel data from a single imaging step, a feature that is not available from other
imaging modalities. Florescence imaging is known for low penetration depth and low
resolution, which can be resolved by dual imaging with MRI or CT. Furthermore, lack of
functional information from optical imaging can be compensated by PET imaging.
Polymeric nanoparticles have been reported as platforms for many MR/optical imaging
probes due to versatility of surface modification and ability to accommodate cargoes of
different sizes and structures. Fitzgerald and coworkers reported a MRI/optical probe made
from poly(glycidyl methacrylate) (PGMA) with Rhodamine B conjugation as a fluorophore
and SP10 nanoparticles as a MRI contrast agent.21 The nanostructures were coated with
polyethyleneimine (PEI) and used to visualize optic nerve or whole eye with fluorescence
analysis and MRI. Another MRI/optical probe reported by other researchers was made from
poly(lactic acid)-o-a-tocopheryl poly(ethylene glycol)1ggg succinate (PLA-TPGS), which
encapsulated quantum dots (QDs) for fluorescence imaging and SPI1O nanoparticles for
MRI.293 PLA-TPGS nanostructure with QDs and SP10 nanoparticles improved
biocompatibility and increased blood circulation time for controlled delivery of imaging
agents to a tumor site by passive targeting effects. MRI/fluorescence images showed that
nanoparticles were mainly found in tumor areas. Both the PGMA-PEI and PLA-TPGS
probes were also proposed for therapeutic applications, which would be useful for imaging
and therapeutic applications, and also for trafficking of nanoparticles in vivo.

Researchers from Weissleder and Nahrendorf groups accomplished numerous research
studies for development of nanomaterials for management of cardiovascular diseases. In
earlier work, they have used 18F-FDG for PET imaging of macrophages on atherosclerotic
sites. However, specificity of 18F-FDG was questionable because cells with increased
glucose uptake were also recognized. In a recent publication, they reported a specificity-
enhanced PET/optical imaging agent, 89Zr-dextran nanoparticle (89Zr-DNP), which is
biocompatible and biodegradable, therefore, being a suitable material for clinical translation.
Dextran was crosslinked by epichlorohydrin and partially aminated with ethylenediamine,
and then modified with p-isothiocyanatobenzyl desferoxamine (SCN-Bz-Df) and the N-
hydroxysuccinimidyl ester of the NIR fluorochrome VivoTag 680 (VT680), followed by
complexing 89Zr to DNP to form 89Zr-DNP. Flow cytometry results from the VT680 signal
showed that DNP uptake was dominated by monocyte and macrophages (76.7 %), while
lower signal was detected from other leukocytes.19% Along with anatomical guide from
MRI, the in vivo PET signal from 18F-FDG was 30% higher in atherosclerotic plagues of
ApoE~"~ mice than wild-type controls. When the animal was treated with siRNA silencing
C-C chemokine receptor type 2 (CCR2), which plays a significant role in recruiting
monocytes to inflammation sites,210 the PET signal was significantly decreased and the
inflammation was reduced in plaque areas. The results showed that the 89Zr-DNP with
fluorophore conjugation is a non-invasive and specific agent for PET/optical imaging of
inflammation, and therefore, could be applied to clinical diagnosis of inflammatory diseases.
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Thurecht and coworkers developed a multimodal imaging agent with hyperbranched
polymer (HBP) nanoparticles made from poly(ethylene glycol) methyl ether methacrylate
(PEGMA), trifluoroethyl acrylate (FEA), and ethylene glycol dimethacrylate (EDGMA),
with structure- and size-control by reversible addition/fragmentation chain-transfer (RAFT)
polymerization. For MRI/optical application, the polymeric nanoparticle was labeled

with 19F for MRI and Rhodamine B or NIR797, which enabled multispectral fluorescence
imaging (Figure 13).292 The HBP was also conjugated with folate for targeted delivery to
tumor sites and, thus, can be utilized for targeted therapeutic applications. High resolution
MRI imaging and optical imaging allowed estimation of the tumor mass across various size
scales in vivo, from millimeters to tens of micrometers. 1°F probes can eliminate background
issues in biological imaging because there is minimal endogenous fluorine in the body and,
this work is considered as the first demonstration of a polymeric agent in tumor detection
by 19F-based MRI. For PET/optical application, 4Cu was added to the HBP nanoparticle as
a PET probe and Alexa Fluor-647 or NIR-750 near IR dyes as fluorescence probes.2%0 In
vivo PET/CT/optical images showed that the 54Cu-labeled polymer mainly localized to the
tumor site after 24 h, presumably, via the EPR effect.

Most imaging agents carry heavy-metal ions, but, recently, a new class of polymeric and
entirely organic imaging agent was reported by Johnson and co-workers.211 They prepared
redox-responsive organic radical contrast agents (ORCAFIluors) from spirocyclohexyl
nitroxide and Cy5.5-conjugated macromolecules, and successfully demonstrated in vivo
MRI and fluorescence imaging. When the ORCAFIuor was excited at 640 nm, nitroxide
radical was generated and quenched the fluorescence while enhancing the MRI signal. On
the other hand, the same ORCAFIluor excitation in the presence of ascorbate or ascorbate/
glutathione led to reduction of nitroxide, and, thus resulted in enhancement of fluorescence
intensity by 2-3.5-fold and deactivation of the MRI functionality. This unique behavior of
the ORCAFIuor enabled targeted imaging in mice with high correlation of MRI contrast and
fluorescence intensity to the ascorbate content in tissues (Figure 14).

Ultrasound imaging is a non-invasive imaging modality widely used in clinical settings for
prenatal check, echocardiography and cancer diagnosis. Conventional ultrasound imaging
uses acoustic waves of high frequency (2-20 MHz), which penetrate much deeper into
tissues and organs than photons, and have lower scattering in imaging in vivo. Ultrasound
imaging does not require a contrast agent, but microbubbles or nanobubbles filled with gas
have been used to improve specificity and image contrast.212-213 Moreover, development of
nanostructures for photoacoustic imaging agents enabled dual imaging with ultrasound, such
as optical/ultrasound and MR/ultrasound imaging.29°214 Miki and Ohe groups reported on
the synthesis of amphiphilic hyaluronic acid (HA) derivatives that is conjugated with high
dose of indocyanine green (ICG) dye derivatives and hydrophilic PEG for high-contrast
optical tumor imaging in vivo.2%4 The HA derivatives accumulated in tumor site after
intravenous injection were irradiated with near-IR laser, which generated intense
fluorescence signal and enhanced photoacoustic image. Furthermore, photoacoustic imaging
agents are highly feasible to be used for image-guided therapy, such as photothermal
therapy, and controlled drug release pplications.215-216
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Due to the flexible structure of polymeric nanostructures, many research groups have
utilized polymeric nanostructures for multimodal medical imaging beyond dual imaging. In
2008, Weissleder and coworkers reported a multimodal imaging agent for medical
applications. They used dextranated and diethylene triamine pentaacetic acid (DTPA)-
modified magnetofluorescent nanoparticles with 84Cu for PET, iron oxide core for MR, and
Vivotag-680 (VT680) for optical imaging.2% The multimodal capability of the $4Cu-
trireporter nanoparticle (3*Cu-TNP) facilitated in vivo visualization of atherosclerotic lesions
in the aortic root of an animal model at cellular and anatomical levels. Some examples of
polymeric structures that were used for trimodal imaging are listed in Table 3 (vide supra).

6.2 Therapy (cardiovascular, cancer and infectious diseases)

6.2.1 Cardiovascular diseases—Polymeric nanoparticles with specific biomarkers have
been highly investigated in medical imaging for diagnosis and treatment of cardiovascular
diseases, such as, atherosclerosis, hypertension, and coronary artery diseases.199.206.217-221
Polymeric nanoparticles could offer better treatment for the blood vessel narrowing and for
cell therapy, and provide suitable materials for stent and stent coating materials. Peptide-
based therapy is one of the frequently applied methods in treating diabetes, cancer,
metabolic, cardiovascular, and infectious diseases, but it has suffered from rapid clearance
or degradation of the peptides in vivo. Polymer-conjugated peptides, on the other hand,
prolong the circulation time of peptide drugs and increase their bioactivities.?22 As one
example, researchers from the Langer, Tabas, and Farokhzad laboratories developed a core-
shell nanoparticle to deliver the anti-inflammatory peptide Ac2-26, an annexcin A1/
lipocortin 1-mimetic peptide, encapsulated in the biodegradable diblock copolymer PEG-b-
PLGA that was conjugated with peptides for targeting collagen IV (Col 1V), which
comprises 50% of vascular basement membrane (Figure 15). In their previous studies, Col
IV-targeting peptide conjugated-polymeric nanoparticles encapsulated with paclitaxel
reduced the thickness of neointima to 50%, compared to a carotid injury model control
group.223-225 7c2-26 peptide delivery using collage 1V-targeted nanoparticles showed 30%
higher effect in blocking tissue damage with much lower dosage (1ug per mouse) than free
peptide.226 The results showed that the peptide treatment using polymeric nanostructures
and specific targeting have potential for treatment of inflammation-involved diseases like
atherosclerosis.

Current treatment of coronary artery diseases are conservative management with medical
therapies and invasive management with mechanical revascularization by percutaneous
coronary interventions (PCI) or coronary artery bypass graft (CABG) surgeries. One major
concern in vascular surgeries is injury to the vascular wall that leads to inflammation and
delayed recovery of the vessel, which could induce late stent thrombosis and significant
clinical complications.21” Therapies based on nanotechnology have contributed in
developing biocomparable materials for stents, polymeric nanofibers as a stent surface
coating substances, and drug eluting stents (DES).227-230 The first generation of DES
effectively reduced in-stent restenosis, but profoundly delayed healing. Oh and Lee reported
the preparation of nanofibers as a drug (B-estradiol) eluting coating on a stent. They used
Eudragit S-100 (ES) as a nanoparticle (NP) base, and the mixtures of hexafluoro-2-propanol
(HFIP), PLGA and PLA as a nanofiber base at tunable ratios.?29 The f-estradiol is known to
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suppress activity of reactive oxygen species (ROS), which induces procoagulation and
apoptosis of endothelial cells, but clinical trials showed that the B-estradiol did not exhibit
sufficient activity, even though the drug effect had been observed in cell studies. Enhanced
drug effect was obtained by delivering the drug in nanofiber coating on a stent due to
maintaining biological effect of B-estradiol. The -estradiol was dissolved in the
nanoparticle solution and the nanofibers were coated onto the stent via electrospinning. The
maximum loading of -estradiol was obtained at a 4:1 ratio of PLGA and PLA, and the drug
eluting nanofiber coating provided high coating stability and prevented stent-induced
restenosis.

There have been debates over either using biodegradable polymer drug eluting stents (BP-
DES) that is lower in long-term polymer toxicity, or durable polymer drug eluting stents
(DP-DES), which last longer and has higher stability on stent surface. Most of BP-DES were
based on PLA (BioMatrix Flex™, Elixir DESyne™, Nobori™) or PLGA (CoStar™, Nevo™),
while DP-DES polymers include poly(n-butyl methacrylate) PBMA/poly(ethylene-co-vinyl
acetate) (PEVA) (Cypher™) and poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) (PREMIER™, XIENCE PRIME™). According to a recent report based on 20,005
patients, BD-DES significantly lowered later lumen loss and late stent thrombosis.231
Current on-going clinical trials for DES include physical improvement of stent structures,
comparing various drug elusions, clinical evaluation of developed polymers for DES, but
few of them are focused on novel polymer structures.232

Polymeric nanoparticles were also exploited for cell therapy and one of the applications used
Tetronic-tyramine (Tet-TA)-RGD hydrogel embedded with C2C12 myaoblast cells, which
were transfected with vascular endothelial growth factor (VEGF) plasmids using poly(B-
amino ester) nanoparticles. The genetically engineered cell sheet was transplanted into a
hind limb ischemic mouse and promoted the formation of capillaries and arterioles in
ischemic muscles, which is promising for effective treatment of peripheral arterial diseases
with improved angiogenesis after transimplantation.233 Currently, there are several on-going
clinical trials of drug eluting stent based on polymeric nanostructures targeted for Coronary
Avrtery Disease.232 Although there have been numerous polymeric structures developed for
therapeutic applications, there is still demand for developing noble polymeric platform and
further optimization for clinical applications.

6.2.2 Cancer—Although numerous nanoparticle-based formulations for treatment of
cancer have been developed and showed greater efficacy in vitro and in vivo, translation of
those promising pre-clinical results to successful clinical trials has been challenging.234
Only few nanoparticulate systems have been approved for clinical usage [e.g. Abraxane®,
DaunoXome®, DepoCyt®, Doxil®/Caelyx®/Myocet®, Genexol-PM®, Lipo-Dox®,
Margibo®, Mepact®, Oncaspar®, and Zinostatin stimalamer®] and few additional candidates
are undergoing clinical trials [e.g. BIND-014 (Phase 2), NC-6004 (Phase 1/2), NK012
(Phase 2), NK105 (Phase 3), CT-2106 (Phase 2), CRLX101 (Phase 2), PK1 (Phase 2),
etc.].71:235-236 Clinical responses to treatments have mostly resulted in temporary remission
and have eventuated in recurrence and disease progression.>* There is a thorough review on
details of nanomedicines in cancer clinical trials and treatments.236
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Intravenous injection is the most common administration method for cancer nanomedicines
to increase delivery of drug carriers to tumor sites via the EPR effect. However, entry into
the vasculature also has the complications of allowing for systemic access, and, thus further
improvement on delivery efficiency should consider routes of administration that offer more
direct and confined biodistribution. Local drug delivery methods can be considered for
specific types of cancer, which are located in readily-accessible sites, such as the skin, lung,
bladder, etc.3” For example, inhalation treatment may be one option for the treatment of
lung cancer, since it can improve biodistribution of nanostructures and their retention in the
lungs compared to intravenous administrations.237-238 The design and development of well-
defined polymer-based nanodelivery systems, with control over their composition, structure
and morphology, is expected to provide for ultra-high drug loading within intact
nanoparticles, followed by sustained release, facilitated by optimized biodistribution and
polymer degradation, and timed to the rate of disease progression.140

High loading capacity is a desirable trait for any drug carriers to maximize the amount of
delivered drug at the target site, while minimizing the burden of clearance of the drug
carrier. From a chemical perspective, reducing the volume of carrier required is analogous to
atom economy, a term used in synthetic methodology, whereby waste and cost are
minimized. There are varying degrees of affinity of drug guest molecules to the nanoscopic
host system, with two extreme cases of loading methods: physical encapsulation and
covalent conjugation. Physical encapsulation is straightforward and the most common
method to load drugs in nanocarriers. However, there are intrinsic limitations, including
relatively low loading efficiency, premature diffusion-based release of drugs, difficulty of
multi-drug loading, etc. Covalent conjugation of drug molecules to the polymer nanoparticle
components could avoid some of these limitations. However, conjugation of drug molecules
and/or multiple numbers and types of drugs can complicate the nanoparticle assembly
process, can limit the ability to cleave the covalent linkage, and once the drug-polymer
particle covalent bond is cleaved, the drug molecule initially exists as a physically-
encapsulated species (unless it had been conjugated onto the particle surface), which then
undergoes diffusion-based release. In addition, stimuli-responsive cleavage of conjugated
drugs could minimize release of drug at non-target sites to reduce side effects. With either
the physical encapsulation or covalent conjugation strategy, there are additional influences
from degradation of the polymer backbones, which can further accelerate the rate of drug
release. Proper chemistries need to be selected to prevent a decrease of therapeutic efficacy
of conjugated drugs and the unexpected toxicity of additional linker moieties and/or
contaminants, such as metal catalysts. A significant complication is how to translate detailed
degradation studies conducted in vitro (where differentiation of conjugated vs. encapsulated
vs. active drugs and the state of nanoparticle disassembly and polymer degradation can be
made) to accurate in vivo determination of the release of free drug, its pharmacokinetics and
the biological clearance of the nanoparticle and polymer components.

The micelles of PEG-b-(PPE-g-PTX) drug conjugates had the highest reported PTX loading
capacity. The conjugates were developed by organocatalytic ring-opening polymerization
(ROP) of propargyl-functional cyclic phosphotriester monomer and consecutive click
reaction with PTX prodrug.23? The high drug loading was attributed to the high water
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solubility of the polyphosphoester backbone to which PTX was conjugated. Although the
initial system involved conjugation of PTX to the polymer backbone via a relatively-stable
ester linkage,239 accelerated hydrolytic degradability of the polyphosphoester backbones
under acidic conditions was accomplished by incorporation of a -thiopropionate
functionality,240 and is a promising feature of this system for selective release of payloads in
tumor acidic microenvironments.

Cisplatin and cisplatin prodrugs are broad-spectrum chemotherapeutics that have been
loaded into polymeric nanoparticles, in attempts at avoiding systemic delivery of these
relatively-hydrophilic small molecule drug complexes. Lippard, Langer, Farokhzad, and
coworkers have actively pursued improved delivery methods using polymeric
nanoparticles.241-244 Recently, they have reported mitaplatin-loaded PEG-b-PLGA
nanoparticles, stabilized with poly(vinyl alcohol) (PVA), using a double emulsion
method.245> Mitaplatin is a water-soluble Pt(IV) prodrug, which releases two dichloroacetate
(DCA\) ligands upon intracellular reduction.246 Since DCA is a mitochondria targeting
compound that has potential as a cancer therapeutic,247 encapsulation of mitaplatin is
equivalent to the dual loading of cisplatin and DCA for combinational therapy. The resulting
nanoparticles showed prolonged circulation times, reduced accumulation of Pt in the
kidneys, and long-term efficacy by controlled drug release in vivo. In addition, the
hydrophaobic cisplatin prodrug, Platin-M, which has mitochondrial targeting ligand,
triphenylphosphonium (TPP) cation, was synthesized by strain-promoted alkyne-azide
cycloaddition (SPAAC) between azide-functional Pt(IV) prodrug and dibenzocyclooctyne
(DBCO)-TPP conjugate. Platin-M-loaded polymeric nanoparticles of TPP-PEG-b-PLGA
were prepared to damage mitochondrial DNA and, thereby, overcome chemoresistance
against cisplatin therapy (Figure 16).248

Cationic polymers have been also utilized for electrostatic complexation of negatively-
charged therapeutic nucleic acids that can be utilized for cancer therapy via, for example,
knocking down specific oncogenes or expressing therapeutic proteins. Anderson, Langer
and coworkers developed multilamellar vesicles prepared from lipid (C43)-conjugated low-
molecular weight PElggg (lipid : PEI = 14 : 1), and C14-PEG2000 for efficient delivery of
multiple siRNAs to endothelial cells.24° Although it is unclear how the nanoparticle
promotes delivery of siRNAs to endothelial cells without considerable gene silencing in
hepatocytes, immune cells, and pulmonary cells, resulting nanoparticles concurrently
delivered multiple siRNAs and enabled multi-endothelial gene silencing. In addition, they
showed the most long-lasting reduction of target gene expression in various mouse models.

However, the potential toxicity of cationic polymers has led to the exploration of safer
delivery vehicles. For instance, DeSimone et al. applied their particle replication in non-
wetting templates (PRINT®) technology to physically entrap siRNA within neutral PLGA
nanoparticles with high loading efficiency, without the need to form potentially toxic
polyplexes.2°0 The resulting nanoparticles showed luciferase gene knockdown transfection
efficiency in vitro as a model system for siRNA therapy of prostate cancer. As the PRINT
technology allows for the preparation of nanoparticles with precise size, shape, and
composition,2®1 PRINT nanoparticles could enable fundamental studies on nanocarrier
design factors, such as size and shape on various biological events.252-253 For example, it
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was found that particle shapes of cylinder or rod gave efficient cellular internalization, and
the rate was faster as the aspect ratio was increased.?>* In addition, when two cylindrical
nanoparticles (diameter = 80 nm, height = 320 nm, aspect ratio = 4 vs. diameter = 200 nm,
height = 200 nm, aspect ratio = 1) were compared, the nanoparticle with smaller size and
higher aspect ratio exhibited lower clearance by the mononuclear phagocyte system
(MPS).ZSS

A drug cocktail, a combination of drugs with different anticancer mechanisms, has the
potential to overcome the genetic complexity and heterogeneity of cancer and to overcome
drug resistance in cancer therapy, compared to individual-drug therapy.256-264 However, co-
encapsulation of multiple drugs into single polymeric nanoparticles is often challenging
when drugs have different physicochemical properties, which lead to differential degrees of
favorable interactions with the polymer matrix. In addition, the concomitant administration
of more than one drug using a single nanoparticle structure can be either synergistic or
antagonistic and the dose ratio is one of the critical factors to determine the synergistic
combinations.265-267

A clever controlled loading and release strategy was recently developed for multiple anti-
cancer drugs incorporated within a single type of brush-arm star polymer (BASP)
nanoparticle.268 Simultaneous delivery of camptothecin, doxorubicin, and cisplatin was
expected to achieve maximum therapeutic effect at their optimal doses without increasing
toxicity. Johnson and coworkers synthesized the BASPs by sequentially “grafting-through”
a mixture of drug-conjugated macromonomers and then a drug-based crosslinker through
ring-opening metathesis polymerizations (ROMP) (Figure 17). For the two drug-conjugated
macromonomers, camptothecin or doxorubicin was incorporated through ester or o-
nitrobenzyl linkages, respectively, and the crosslinker was based upon cisplatin-type Pt-
carboxylate coordination, each of which was designed to release the drug molecules by
orthogonal stimuli, including, pH, light, and reduction, respectively. This synthetic approach
allowed a single nanoparticle to carry precise molar ratios of multiple drugs via simply
modifying the feed ratios of macromonomers and crosslinker. The triple-drug-loaded
nanoparticle system showed better in vitro cytotoxicity against OVCAR3 human ovarian
cancer cells than did the mono- and double-drug-loaded systems. This elegant design of
polymeric nanoparticle platform, together with the modulated synthetic approach, provided
precise tunability of multiple drug loading and release and facilitated the development of
nanoparticle-based combinational cancer therapies that can be finely-optimized for specific
cancer types.

Multi-compartment polymeric nanostructures can be prepared by self-assembly or
hierarchical assembly of multiple components to increase structural complexity with
unprecedented properties.269-270 Multiple sequestered environments within the unique
morphologies allow for loading of multiple incompatible therapeutic agents selectively
within discrete compartments, which has the potential to solve challenges in cancer therapy.
For example, the simultaneous delivery of nucleic acids and photosensitizers realized
successful application of photochemical internalization (PCI) in vivo.2’1 PCI is a promising
concept to promote delivery of nucleic acids into the cytoplasm for gene transduction via
photochemical disruption of the endo-/lysosomal membrane. The probable inactivation of
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nucleic acids by reactive oxygen species (ROS), generated by photosensitizers, requires
compartmentalization of the payloads in the nanocarrier. Nishiyama, Kataoka and coworkers
reported the seminal in vivo PCl-mediated gene transfection by systemically-administered
light-responsive multi-compartment micelles.2’ They designed and prepared multi-
compartmentalized nanostructures, which were comprised of an outer hydrophilic PEG
shell, a photosensitizer-loaded intermediate compartment, and a plasmid DNA (pDNA)-
encapsulated polyplex core within a single nanostructure. Initial polyplex formation between
pDNA and PEG-poly[N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide]-poly(L-lysine)
[PEG-b-PAsp(DET)-b-PLys] was assumed to favor electrostatic interactions predominantly
with the poly(.-lysine) terminal chain segments, and was followed by incorporation of a
carboxylate-terminated dendrimeric phthalocyanine-based photosensitizer (Figure 18).
Electrostatic interactions between the anionic carboxylates on the dendrimeric
photosensitizer and the cationic PAsp(DET) middle block segment granted the formation of
stable ternary photosensitizer-pDNA-polyplex nanostructures (DPc loaded ternary polyplex
micelles) under physiological conditions. Translocation of photosensitizers from the
nanocarrier to the endo-/lysosomal membrane were promoted by protonation of the
carboxylates under the relatively acidic endo-/lysosomal environment, which then facilitated
light-responsive disruption of the endo-/lysosomal membranes and escape of the polyplexes
to deliver pDNA into the nucleus for gene expression. It is unclear what was the mechanism
for the release of the pDNA, however, the nanocarriers exhibited >100-fold enhanced gene
transfection efficiency in HeLa cells in vitro after photoirradiation than for the non-
photosensitizer-loaded polyplex analogs. In addition, light-induced in vivo transfection of
Venus (yellow fluorescent protein)-encoding reporter gene into subcutaneous Hel a and
HCT 116 tumor models showed higher fluorescence by Venus expression compared to the
non-photoirradiated tumors, ~4.4-fold and ~6.0-fold, respectively.

Another interesting multi-compartment nanostructure was reported for photodynamic
therapy (PDT).272 Photosensitizer-encapsulated micelles were prepared by self-assembly of
polybutadiene-b-poly(1-methyl-2-vinyl pyridinium methyl sulfate)-b-poly(methacrylic acid)
(poly(BVgMAA)) triblock terpolymers and a porphyrazine derivative. The negatively-
charged PMAA corona of the resulting micelles was functionalized with positively-charged
PLL-b-PEG diblock copolymers via inter-polyelectrolyte complexation and the resulting
multi-compartment nanostructures were further stabilized by amidation-based crosslinking
(Figure 19). The degree of complexation could be controlled by changing the feed ratio of
poly(BVgMAA) vs. PLL-b-PEG, and a bottlebrush-on-sphere morphology was observed at
higher degrees of complexation. The surface charge of the micelles was dependent on the
composition of the corona, which was closely related to their cellular uptake and PDT
activity in vitro against A594 human lung adenocarcinoma cells, as well as blood
circulation, tumor accumulation, and PDT activity in vivo against a subcutaneous A594
tumor model. These results suggest that the resulting micelles could be a versatile platform
for various functional multi-compartment nanostructures by incorporation of other polymers
containing positively-charged blocks. In this current study, only the hydrophobic core
domain was utilized for packaging of photosensitizers to accomplish PDT, however, other
hydrophobic drugs, or hydrophilic or amphiphilic charged or non-charged drugs have the
potential to also be loaded within the core, shell or core-shell domains, respectively.
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Furthermore, this initial system provides a foundation for development of the chemical
compositions of the polymer frameworks, with particular need to translate the materials
from non-degradable to biodegradable polymer building blocks.

One of major challenges in nanoparticle-based drug delivery is the incompatibility between
prolonged blood circulation for enhanced EPR effects, which requires neutral or slightly
negative surface charges, and efficient tumor cell uptake, in which positive surface charges
are preferred. Two strategies, switch of surface charge and removal of stabilization layer,
have been applied to address this issue. Example of the surface charge switching strategy
was reported by Wang and coworkers.273 They developed interesting polymeric
nanostructures, which have the capability to adjust their surface charge to the surrounding
pH conditions. Polymeric micelles were prepared by self-assembly of block copolymers
comprised of a hydrophilic zwitterionic polyphosphoester block and a hydrophobic PCL
segment [PCL-b-P(AEP-g-TMA/DMA)]. The zwitterionic surface enabled elongated
circulation of the nanocarriers in blood. Once they reached tumor sites, however, cleavage
of amide bonds between 2,3-dimethylmaleic anhydride (DMA or DMMA) and primary
amine under acidic tumor extracellular environment, decreased the anionic character in the
zwitterionic segments and resulted in positively-charged nanoparticles that could be
internalized more easily into tumor cells (Figure 20). Doxorubicin-loaded into these
nanoparticles inhibited growth of human breast cancer cell MDA-MB-231 xenografts in
nude mice.

A stabilization layer removal strategy was also accomplished using similar chemistry by the
same research group.2’4 Positively-charged PEI/siRNA polyplexes were stabilized with
PEG-based block copolymers, which had a negatively-charged polyphosphoester segment
[MPEG-b-P(AEP-Cya-DMMA)], via electrostatic interactions. Exposed primary amine
groups by deprotection of acid-responsive DMMA groups induced electrostatic repulsion
between the PEG layer and polyplex, which led to the removal of PEG stabilization layer.
Exposure of the positively-charged surface of the polyplexes promoted tumor cell uptake
and RNA. efficiency to silence Polo-like kinase 1 (Plk1) expression in MDA-MB-231
xenograft tumor-bearing mice.

Torchilin and coworkers also devised another smart drug delivery system, which had a
stabilization layer removing feature as well as active targeting with cell-penetrating peptide
(CPP).275 PEG,q00 and PTX were connected by a matrix metalloproteinase 2 (MMP2)-
cleavable peptide linkage. PEG,ggg-PTX conjugate, TAT targeting peptide-PEG1q0-
phosphoethanolamine (PE), and PEG1ggo-PE were assembled into micelles (Figure 21). The
resulting nanoparticles displayed improved tumor targeting by elongated blood circulation,
conferred by longer PEGyggg. Once reaching the tumor microenvironment, longer PEGogqg
chains were separated from the micelles via cleavage of the peptide linkages by extracellular
MMP2, which led to release of PTX, and also cell internalization of micelles promoted by
exposed TAT on the chain-end of shorter PEG1ggg. This stimuli-responsive targeted drug
delivery system has the additional attributes of preventing undesired drug leakage while
possessing high drug loading capacity.
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6.2.3 Infectious diseases—Nanoparticles have been utilized to improve delivery
efficiency of antimicrobials to the site of infection, together with the use of auxiliary devices
for localized delivery.#1:276-277 Nanoparticles could improve the stability and
pharmacokinetics of the encapsulated antimicrobials, allow prolonged retention and
sustained release of the drugs at the sites of infections, and overcome the drug resistance of
the bacteria.3573:81,90.278-282 They can also overcome the challenges towards the treatment
of multidrug-resistant bacteria in infected lungs (e.g. cystic fibrosis and tuberculosis).283

Cationic polymers are promising antimicrobials for multidrug resistant bacteria since they
physically disrupt microbial membranes, which decrease the potential to develop
antimicrobial resistance.284-285 A seminal biodegradable antimicrobial polymeric
nanostructure was cationic micelles self-assembled from amphiphilic triblock
polycarbonates containing pendant quaternary ammonium moieties on the middle block
(Figure 22).286 The resulting micelles exhibited selective targeting and lysis of bacterial
membranes to kill Gram-positive bacteria including methicillin-resistant Saphyl ococcus
aureus (MRSA), as well as, fungi. The minimum inhibitory concentrations (MICs) of the
cationic polymers were higher than their critical micelle concentrations, which indicated that
micelle formation was crucial for the microbicidal function of these polymers by increasing
local charge density and polymer mass on the surface of bacterial cells. In addition, more
dynamic micelles from random copolycarbonates showed broader antimicrobial activity
towards Gram-positive, as well as, Gram-negative bacteria.28 Cationic polymers could also
protect antibiotics by ionic complexation. Cationic cobaltocenium polymers were prepared
to treat MRSA infection.288 lonic complexation between cationic metallopolymers and
carboxylate in f—lactam antibiotics inhibited p—lactamase activity to protect p—lactam
antibiotics from hydrolysis, which improved antimicrobial efficacy. In addition, these
cationic polymers have capability to selectively lyse MRSA cells with low cytotoxicity
towards red blood cells and splenocytes of the mice, both in vitro and in vivo. These
polymeric scaffolds could provide potential treatment methods for multidrug-resistant
bacteria, due to their synergistic effects. However, clinical applications of cationic polymers
for delivery of antimicrobials might be limited, as they would have lower capability of
mucus penetration in the case of inhalational administration, and non-selectivity and
systemic toxicity after systemic administration, as compared to PEG-shielded neutral
nanoparticles.

Nebulized nanoparticles have been utilized for the pulmonary delivery of broad-spectrum
silver cation or silver carbene complexes (SCCs), which were loaded into the shell and/or
the core of polymeric nanoparticles. The initial study was conducted using non-degradable
SCKs prepared by self-assembly of PAA-b-PS and subsequent crosslinking. All silver
antimicrobial-loaded nanoparticles provided a sustained delivery of silver species over at
least 2-4 d, with superior survival advantages of the SCKs loaded with the SCCs in the core
of the nanoparticles, when tested in vivo in a mouse model of Pseudomonas aeruginosa
pneumonia.28® Fully degradable polymeric nanoparticles were then developed and their
antimicrobial activities were evaluated in vitro against Saphylococcus aureus and
Escherichia coli.2% Silver cation and SCCs were loaded into the self-assembled micelles of
anionic PPE-b-PLLA, which was designed to load silver antimicrobials via not only
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electrostatic interaction with carboxylates and/or coordination with 1,2-dithioethers within
the hydrophilic corona, but also hydrophobic interaction with PLLA core. SCC-loaded
polymeric micelles showed lower MICs than for the SCCs alone. Degradable PPE-based
polymeric nanoparticles were also developed to carry silver cations using different loading
mechanisms to modify release kinetics. Silver cations were loaded by coordination with
pendant alkyne groups of PEBP-b-PBYP-g-PEG to form silver acetylides.2%1 The resulting
silver-loaded nanoparticles showed much slower release kinetics (., = 28 h in nanopure
water and 16 h in 10 mM phosphate buffer containing 10 mM NaCl) compared to the
anionic PPE-b-PLLA systems (2.5-5.5 h in nanopure water) and exhibited antimicrobial
activities against cystic fibrosis pathogens in vitro. These results suggest that the duration of
drug release could be adjusted to the target disease via alteration of the chemistry employed
for the drug-loading mechanism.

DNAs have also been delivered to the lung via inhalation of gene nanocarriers.
Nanoparticles, based on PEG coating of either polyethylenimine (PEI) or poly-L-lysine
(PLL), were developed for delivering plasmid DNA encoding for the cystic fibrosis
transmembrane conductance regulator protein to the lung. Nanoparticles could efficiently
penetrate human cystic fibrosis mucus ex vivo, and upon intranasal administration, they
enhanced particle retention and gene expression in the mouse lungs and induced negligible
toxicity and inflammation.292 In another study, pH-sensitive PEG-b-poly-.-histidine-b-poly-
L-lysine nanoparticles were used for delivery of plasmid DNA.293 The formed nanoparticles
were rod-like in shape. These nanoparticles could improve the in vitro and in vivo gene
transfer to lung airways in BALB/c mice, by ca. 20-fold and 3-fold over PEG-b-poly-.-
lysine/DNA nanoparticles, respectively, while maintaining a favorable toxicity profile. The
enhanced efficacy might be due to the incorporated poly-.-histidine that increased the
buffering capacity of the nanoparticles.

Intravenous injection is also a viable administration method for antimicrobial-loaded
nanocarriers, since long-circulating nanoparticles could accumulate at the site of infection
via enhanced vascular permeability caused by inflammation. In addition, acidic
environments at the infection sites could be utilized as a stimulus for the development of
smart nanoparticles. For example, a pH-responsive surface charge-switching drug delivery
system was developed using PLGA-b-poly(.-histidine)-b-PEG-based nanoparticles.2% After
systemic administration and extravasation, protonation of imidazoles in the poly(.-histidine)
segment could produce positively-charged nanoparticles at acidic infection sites, which
could facilitate binding of nanoparticles to negatively-charged bacterial cell walls via
electrostatic interactions. Even though in vivo studies were not presented, in vitro results
showed promise, including the binding of nanoparticles to both Gram-positive and Gram-
negative bacteria and maintaining the antimicrobial efficacy of the nanoparticles under
acidic conditions.

An enzyme-sensitive polymeric nanoparticle was developed for on-demand delivery of
antimicrobials to the site of bacterial infection. The star copolymer-based drug delivery
system was prepared via the “arm-first” approach, ROP of difunctional cyclic
phosphotriester crosslinker with monofunctional MPEG-b-PCL-OH macroinitiator.2% The
hydrophobic PCL intermediate layer minimized undesirable release of antibiotics from the
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polyphosphoester core to reduce side effects. When the nanocarriers were incubated with
lipase or lipase-secreting bacteria, degradation of the PCL protective layer facilitated release
of the payload. Even more accelerated release could be achieved by the addition of
phosphatase, or other bacterial secreting enzymes that degrade the polyphosphoester core.
Furthermore, this nanostructure was internalized into infected cells to deliver antimicrobials,
while many antibiotics showed poor cellular internalization. This stimuli-responsive drug
delivery system can be a potential treatment option for a variety of infections caused by
lipase-secreting bacteria. A similar system, polyphosphoester-based multifunctional
nanogel, was also reported as a bacterial phosphatase- or phospholipase-responsive
antimicrobial nanocarrier, which can release payloads by enzyme-catalyzed core
degradation.2%

6.3 Theranostic nanoparticles utilized for both imaging and therapy

Polymeric nanoparticles have been utilized for both therapy and imaging via various
concepts and strategies.297-303 |n this section, after a brief overview of some terminologies
and concepts that have been commonly utilized for theranostic applications, some of the
recent and successful examples of multifunctional nanoparticles utilized for combinational
delivery of various imaging agents, drugs, and nucleic acids, for treatment, diagnosis and
monitoring of several diseases, will be highlighted.

Photodynamic theragnosis is a recent strategy that has demonstrated promising potential
application in photodynamic therapy and diagnosis, for a wide variety of applications, in
oncology, cardiovascular, dermatology and ophthalmic fields. The therapeutic part is based
on utilizing a chemical photosensitizer (relatively non-toxic) for accumulation at the targeted
tumor tissues. After accumulation, when irradiated with light at certain wavelengths, the
chemical moiety generates cytotoxic compounds (i.e. reactive singlet oxygen or reactive
oxygen species) that Kill the tumor tissues via apoptosis or necrosis. The use of some
photosensitizer, such as porphyrin derivatives, can also provide fluorescence that can be
utilized for drug trafficking and for imaging applications. The use of nanomaterials to
enhance the accumulation of these photosensitizers into tumor tissues could reduce the
potential phototoxicity in other organs. Nanoparticles based on quenching/dequenching
systems may also allow specific toxicity only in the targeted tumor tissues. This reversible
system is “quenched” in normal tissues or during circulation in the blood, to avoid photo-
induced toxicity or fluorescence. However, in response to various stimuli in the tumor
tissues (e.g. acidic pH or presence of certain enzymes), dissociation of nanoparticles leads to
a “dequenched” state and, upon light exposure, will allow specific therapeutic and imaging
capabilities in the tumor tissues with high selectivity.304-309 photothermal and
photodynamic therapy have been also combined into a single nanostructure platform of
upconversion nanoparticles. Upconversion nanoparticles are a recent category of “smart
nanomaterials” that contain rare-earth elements (e.g. lanthanide-doped nanocrystals) to
overcome the problem of limited tissue penetration of UV and visible light wavelengths,
which are required for activation of several photosensitizers. These materials, upon
excitation by NIR light, emit high energy photons that can excite the photosensitizers. The
NIR light has minimal absorption and fluorescence background in biological tissues and,
thus, it is currently one of the most suitable modalities for optical imaging.
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PEG-b-PCL-based biodegradable plasmonic gold nanovesicles were developed for
photoacoustic (PA) imaging and photothermal therapy (Figure 23).310 Gold nanoparticles
were densely packed during the assembly via disulfide bonds available at the terminus of the
copolymer, resulting in a strong plasmonic coupling between nanoparticles. NIR absorption
allowed simultaneous thermal/PA imaging and enhanced PTT efficacy. In addition, the
dissociated nanoparticles can be cleared after the completion of the treatment course. A new
organic photothermal therapy agent based on a conductive polymer mixture with strong NIR
absorbance, poly-(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate), was also
developed for invivo PTT. The dye was coated by layers of charged polymers, and then
grafted with branched PEG. High in vivo tumor uptake in a mouse tumor model under NIR
light irradiation at a low laser power density was demonstrated.311

Magnetic polymer-modified gold nanorods were prepared by coating the gold nanorods with
poly(N-isopropylacrylamide-co-methacrylic acid) polymer, followed by conjugation with
magnetic nanoparticles, for application as dual MR and PA imaging contrast agents, and
PTT (Figure 24). Localization and targeting of nanoparticles were achieved with the use of
an external magnet. The nanoparticles significantly enhanced the NIR-laser-induced
photothermal effect due to their increased thermal stability.312

Magnetic nanoparticles were coated with chitosan, and the chitosan was loaded with
doxorubicin and verapamil, and then entrapped into PLGA nanoparticles via a double
emulsion solvent evaporation technique.313 After entrapment, it is expected that amounts of
the two drugs will be dispersed in the PLGA, in addition to the chitosan. PVA was also used
as an emulsifier to stabilize the nanoparticles. Finally, CRGD peptide targeting moieties
were introduced through amide linkages. Irradiation with NIR laser triggered rapid drug
release in vitro. In addition, preferential accumulation of the targeted nanoparticles in the
tumor tissues has been demonstrated in mice under guidance of an external magnetic field,
together with the capability of whole mouse optical imaging.

Tumor areas contain heterogeneous cell populations, which lower the efficiency of ligand-
receptor targeting of tumor cells and result in drug-resistance. Research groups led by
Hyeon and Na developed a pH-dependent MR imaging and PDT agent via self-assembly of
extremely small iron oxide nanoparticles (ESIONs, ~3 nm) with PEG-b-poly(#-benzyl-.-
aspartate) chlorin e6 (Ce6)-based polymers.314 Ce6 is a commonly used natural
photosensitizer originated from green plants, such as, chlorella. Additionally, three different
functional groups, imidazole as a pH responsive moiety, catechol as a ligand for ESIONS,
and 3-phenyl-1-propylamine as a hydrophobic group, were introduced to the polymer
platform. Micellar structures of polymers disassembled in the tumor cells, which have lower
pH (~ 5.5) than normal cells, after protonation of the imidazole groups onto the polymer,
and, as a result, iron oxide particles and Ce6 were exposed and activated for MR imaging
and PDT in the tumor cells. The pH-sensitive bimodal agent was able to detect small tumors
(~3 mm in diameter) and exerted 2-fold higher targeted delivery to heterogeneous tumor
cells implanted into a mouse, as compared to the pH-insensitive nanoparticles (prepared
without the pH-sensitive functionalities) or photosensitizer alone, which offered an effective
targeted cancer therapy without the complications (i.e. cost, scale up, immunogenicity, etc.)
of decorating nanoparticles with surface moieties.
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Research groups led by Li, Pan and Lam recently developed an “all-in-one” smart and
versatile nanoporphyrin platform that is biocompatible and demonstrated high efficacy for
multimodal imaging, photothermal/photodynamic therapies, and light-activated drug release
in both an ovarian cancer xenograft model and a murine transgenic breast cancer model. The
nanoparticle was composed of four pyropheophorbide-a (Por) molecules and four cholic
acids (CA) attached to the PEG chain (PEGs-Pory-CA,4) and nanoparticles of size ~21 + 6
nm were formed via self-assembly (Figure 25).208 The Por molecule enabled chelation of
metal ions used in medical imaging, such as, Cu?*, Pd?*, Gd3*, and Ga3*, with capability of
MRI and PET dual imaging in vivo by incorporating Gd3*and 84Cu2*. In the same study, the
polymer structure was modified with cysteine (PEGgk-Cyss-Porg-CAy) to form disulfide-
crosslinked nanoparticles (CNPs) to enhance the stability in the blood and to avoid
premature release of loaded drug. The particle size of the CNPs were measured under
destabilizing conditions with 50% (v/v) of human plasma and the particle size did not
change up to 50 h, and, thus high stability is expected upon in vivo administration. The
synthesis of porphyrin/CA nanoparticles was highly reproducible and scalable to kilogram
levels at low cost without losing functionality. Hence, these nanoparticles might have great
potential for clinical translation. Furthermore, activation of the nanoparticle requires a
portable, single-wavelength NIR laser, while previously developed nanoparticles for
photothermal/photodynamic therapies require multi-wavelength lasers.

Park and coworkers reported on the development of an optical/MRI multimodal transfection
agent based on SPION and a rhodamine fluorophore, that could be utilized for tracing
human mesenchymal stem cells in transplanted mice with optical and MR imaging (Figure
26).315 SPION- and catechol-functionalized polypeptides were covalently conjugated with
rhodamine-labeled PEI, which electrostatically binds to negatively-charged pDNA. The
nanoparticles were successfully transfected into the stem cells, and the transfected cells were
transplanted into mice and visualized with optical and MR imaging over 14 days.

Nanoparticles were developed for targeted (fragment of anti-amyloid antibody) treatment
(immunosuppressant cyclophosphamide that can reduce cerebrovascular inflammation) and
early detection (MRI) of cerebral amyloid angiopathy (CAA), that results from deposition of
amyloid beta proteins within the walls of the cerebral vasculature, with possibility of
inducing vascular inflammation and hemorrhagic strokes.316 Cyclophosphamide (i.e. drug)
was loaded into the polymeric nanocore made from Magnevist® (MRI contrast agent)
conjugated chitosan, and the core was further modified with putrescine modified F(ab’)2
fragment of anti-amyloid antibody for selective delivery of the nanoparticles to the
cerebrovascular amyloid. In vitro and in vivo data demonstrated the ability of the
nanoparticles to provide contrast for MR imaging of CAA and to have better therapeutic
efficacy than the cyclophosphamide alone.

A multifunctional pH-sensitive polymeric nanoparticle system was developed by self-
assembly of PLA-PEG-PLL-diethylenetriamine pentaacetic acid and poly(.-histidine)-PEG-
biotin, and the nanoparticles were loaded with sorafenib (anticancer drug for treatment of
hepatocellular carcinoma), and, furthermore, gadolinium ions were chelated with the
diethylenetriamine pentaacetic acid for MRI application (Figure 27). Biotinylated vascular
endothelial growth factor receptor (VEGRR) antibodies were linked to the surface biotin
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groups of the nanoparticles through avidin linkers to form the targeted pH-sensitive
theranostic nanoparticles. In vivo, the nanoparticles have demonstrated higher antitumor
effect in H22 tumor (VEGFR-overexpressing cell line) bearing mice compared to the
solubilized sorafenib solution and better MRI than Magnevist®.182

Lee et al. have developed targeted polypeptide-based nanoparticles for targeted imaging and
treatment of cancer.317 The nanoparticles were constructed from antibody-conjugated
poly(y-glutamic acid)-graft-cetylester (y-PGA-g-cetylester), and were loaded with
paclitaxel, and pH-switchable fluorophores that were activated at the acidic pH of
endosomes (Figure 28). Both hydrophobic paclitaxel and fluorophores were incorporated
into the nanoparticles after modifying the poly(y-glutamic acid) with hydrophobic moieties
(~48.9% of the carboxylates were modified with cetylesters). Decoration of the
nanoparticles with the anti-HER2 antibody (Herceptin) significantly enhanced the cytotoxic
effect of the paclitaxel-loaded nanoparticles in vitro against SKBR3 cells, in addition to the
demonstrated high target-to-background signal ratio in the images obtained for HeLa cells
treated with the switchable fluorophore-loaded nanoparticles.

MRI-visible and T-cell-targeted polymeric nanoparticles were constructed from PEG-g-PEI
that was functionalized with the CD3 single-chain antibody, and loaded with pDNA and
SPION for delivery into primary T cells expressing CD3 receptors. In the heart transplanted
rat model, nanoparticles were able to transfect T cells and detect the post-transplantation
acute rejection with high efficiency (Figure 29). Upon intravenous injection of the
nanoparticles, on the third day after transplantation, T-cell gathering was detected at the
endocardium of the transplanted heart as hypo-intense areas on the MRI T,*-weighted
images. Interestingly, the use of nanoparticles loaded with diacylglycerol kinase-a gene (a
regulator of immune function) suppressed the immune response in the allogeneic heart
transplantation rat model, which could be monitored by MRI during the treatment course.318

Development of multifunctional nanostructures that can be tuned to co-deliver multiple
drugs and diagnostic agents to diseased tissues is of great importance, and has been
accomplished via several strategies, for instance, by combining several nanostructures into
one template.140.240,319-321 Hjerarchically-assembled theranostic (HAT) nanostructures
based on anionic shell crosslinked rod-like nanoparticles and cationic spherical SCKs have
recently been developed by our group to deliver siRNA intracellularly, and to undergo
radiolabeling.319 In addition, paclitaxel, a hydrophobic anticancer drug, and siRNA have
been successfully loaded into the cylindrical and spherical components of the hierarchical
assemblies, respectively (Figure 30).320 Cytotoxicity, immunotoxicity and intracellular
delivery mechanisms of the HAT nanostructures and their individual components have been
investigated by using several methods under different conditions, and in some cases, in the
presence of chemical inhibitors to understand the intracellular trafficking pathway of the
nanoparticles. Decoration of nanoparticles with F3-tumor homing peptide enhanced the
selective cellular uptake of the spherical particles. On the contrary, the HAT nanoassemblies
were found to “stick” to the cell membrane and “trigger” the release of spherical cSCKs
templated onto their surfaces intracellularly, while the cylindrical part of the HAT
nanostructures were remained near the cell membrane. Combinations of paclitaxel and cell-
death siRNA (siRNA that induces cell death) into the HAT nanostructures resulted in greater
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reduction in cell viability than sSiRNA complexed with Lipofectamine and the assemblies
loaded with the individual drugs. In addition, a shape-dependent immunotoxicity was
observed for both spherical and cylindrical nanoparticles, with the latter being highly
immunotoxic, even at lower concentrations than HATs. Combinations of cylindrical and
spherical nanoparticles of the opposite charges via controlling polymeric chemistry and
supramolecular assembly significantly reduced the immunotoxicity of both individual
polymer nanoparticles, while maintaining the ability of prolonged circulation of the
elongated morphology, active targeting, and carrying both diagnostic and therapeutic agents,
with tunable control over the ratio of incorporated drugs, and amount of spherical
nanoparticles per cylinder.

7. Limitations, conclusions and perspectives

There are several limitations towards the development of efficient theranostic nanoparticles,
including technical and biological limitations. Variability between batches from same or
different laboratories is one of the major pharmaceutical limitations, because batch-to-batch
variation is a barrier towards their clinical evaluation and development. An absence of
unique or common standardized strategies, techniques and assays for evaluation and
characterization of nanomaterials is another obstacle for selecting the most efficient product
from a specific category of pharmaceutical preparations. Adhering to the current good
manufacturing practices and regulations of FDA, and scale-up of the materials designed on
small scale of milligrams are challenges towards clinical translation of nanomaterials.
Biological barriers include the variability in response to same nanomaterials between
different cell types or animal models. Instantaneous destabilization following in vivo
administration of nanoparticles and premature release of the encapsulated cargoes preclude
the nanoparticles from performing their tasks and reaching their target sites.

Numerous nanotherapeutics have been developed and demonstrated greater efficacy than
either free drugs or commercially available alternatives, both invitro and in vivo, however,
translation of those promising pre-clinical results to successful clinical trials have not
progressed as rapidly as expected.234 Nanoparticles, when properly designed and optimized,
have the ability to increase accumulation of various therapeutics and/or diagnostics into
target tissues. However, unfortunately, the major part of the dose systemically administered
ends up in non-targeted organs, and thus results in toxicity, lower therapeutic efficacy, and
higher cost and dosage. Although improvements are often observed in comparison to free
drugs, results remain inferior to the expected outcomes from the tailored properties of the
injected nanomaterials. The efficacy of nanoparticles reaching the target site needs to be
maximized. Improvement of drug loading efficiency and capacity can lead to increase in the
amount of delivered drugs. In addition, clearance and/or degradation of the empty
nanoparticles after releasing drugs is crucial, since the remaining nanoparticles may act as a
physical barrier for newly administered drug carriers,322-324 or may lead to long-term
adverse effects. Intravenously-administered nanoparticles that extravasate into tumor tissues
are often found near the cells adjacent to the vasculature,323:325 for instance due to the
physiological barriers of tumors, resulting in inconsistent distribution of drugs, which leads
to poor therapeutic outcomes. Elevated interstitial fluid pressure (IFP) compared to
surrounding tissues and dense tumor extracellular matrix (ECM)326 impede delivery of
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nanoparticles. Anticancer agents are required to be delivered deep into tumor tissues and
away from the tumor vasculature in order to affect the entirety of the malignant cells, which
are known to be dispersed around blood vessels (>100 pm away).32” Thus, deep tumor
penetration of nanocarriers is necessary to prevent development of drug resistance and
regeneration of tumors after the treatment.328-329 |n order to accomplish improved tissue
penetration, a variety of factors need to be considered including the nanoparticle size, shape,
stiffness, architecture, etc.327:330-332 There is evidence that smaller nanoparticles are
preferable for tumor penetration and distribution.332-338 Fyrther challenging problems that
need to be addressed are the tissue heterogeneity and dynamic nature of biological
markers.339

The preference for using targeted over non-targeted nanomaterials remains controversial.
Several reviews and perspectives raise awareness of the need to understand the limitations of
nanoparticle approaches for targeted drug delivery to tumors.324.340-343 Development of
nanoparticle systems that can not only package but also release drugs exclusively to target
sites is critical to reduce side effects. Ligand-receptor interactions have been shown to
improve intratumoral distribution. Decorating the surface of nanomaterials has the potential
to increase cellular uptake and selectivity of therapy, although cost, toxicity,
immunogenicity and scalability are critical issues.324:340-343 Nanoparticles that only release
their contents at the targeted tissues under effect of internal or external stimuli might be
more efficient than decorating the surface of nanomaterials with targeting ligands.

Toxicity and immunogenicity of nanomaterials and the drugs are extremely important and
must be evaluated. Drugs/nanoparticles that do not induce cell or animal death are not
necessarily safe, and various biomarkers should be measured to evaluate the ability of these
materials to initiate inflammatory reactions.81 Some types of nanoparticles and therapeutic
agents have the ability of inducing several biochemical changes and hypersensitivity
reactions at low doses after administration through what is so called “complement
activation-related pseudoallergy”.344 Long-term use and safety of nanomaterials are mainly
correlated to the degradability of these materials and ability of the body to clear them shortly
after performing their desired pharmacological effects. The challenges for nanostructure-
based diagnostic and therapeutic clinical applications might be handled by iterative
adjustment of synthetic design of nanostructures with rigorous biological studies to
maximize the existing capabilities after understanding their limitations.34

There is an urgent need for the collaboration between scientists from different disciplines for
development of nanopharmaceuticals viable for clinical use due to the several challenges
related to the clinical applications, starting from the complexity of synthetic chemistry, to
the formulation processes, to the harsh environment following in vivo administration into
humans and the various biological barriers that have been discussed in this review.
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Figure 1.
Examples of therapeutics of various sizes, solubilities and structures, and diagnostics

(fluorophores, radioactive probes, quantum dots, etc.), that are commonly utilized for
therapy and imaging. Labeling of various therapeutics with imaging probes is also exploited
for simultaneous therapy and diagnosis (theranostics). It is observed in the body inset that
random biodistribution usually occurs after administration of these agents.
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The main challenges towards the use of various therapeutics, diagnostics and theranostics,
during formulation, administration and the resulting biodistribution, with no control over
their characteristics and navigation within the biological system.
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Depending on the endocytic pathway (phagocytosis, macropinocytosis, clathrin-mediated, caveolin-mediated, or clathrin/caveolin-
independent endocytosis) and the proteins assist in the endocytic process, vesicles of various compositions and sizes (e.g., endosomes,
phagosomes, macropinosomes) are usually formed

Figure 3.
Intracellular trafficking pathways: (1) Hydrophilic molecules and macromolecules usually

have low cellular uptake and, thus, overall cationic charge or decoration with targeting
ligands is required for efficient cellular uptake; (2) Endocytosis starts with the
internalization of the nanoparticles into vesicles, that later are pinched off to form
membrane-bound vesicles of different sizes, compositions and internal environments, called
endosomes, phagosomes or macropinosomes, depending on the energy dependent or
independent, and receptor dependent or independent internalization pathways; 243 (3)
Degradation of nanoparticles or their cargoes usually occurs with catalysis by the acidic pH
and/or enzymes found in the lysosomes; (4-6) Escape of nanoparticles or their payloads
from these vesicles into the cytoplasm is essential for them to reach the targeted subcellular
organelles (steps 4 and 5 represent the escape of nanoparticles or some of their components
from a leaky endosomes); (7) Nanoparticles can also be cleared from the cells via
exocytosis. Adapted with permission from Reference 35. Copyright 2012 Royal Society of
Chemistry.
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Figure 4.

Nanomedicine-based therapeutic targets in atherosclerosis. (A) Summary of mechanisms
underlying atherogenesis, atheroprogression, and plaque destabilization. The leakiness of
endothelial cell junctions in areas of low shear stress permits low-density lipoprotein (LDL)
to enter the intima, where it is oxidized (oxLDL) (1). LDL mediates the upregulation of
adhesion molecules, such as P-selectin, intercellular adhesion molecule 1 (ICAM1), and
vascular cell adhesion molecule 1 (VCAML1), to recruit leukocytes, such as monocytes and
neutrophils (2). Recruited macrophages engulf oxLDL via scavenger receptors and give rise
to foam cells (3). Atheroprogression is characterized by further accumulation of leukocytes
by local proliferation, ongoing recruitment, and hampered egress (4). The fate of
atherosclerotic plaques is determined by the failed clearance of apoptotic cells, which leads
to secondary necrosis and plaque destabilization (5). The plaque is shielded from the
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bloodstream by a matrix-containing fibrous cap that is covered by endothelial cells. At late
stages, the fibrous cap is weakened by matrix-degrading proteases from macrophages,
leading to plaque rupture and the exposure of thrombogenic material to the bloodstream,
causing platelet activation and blood clotting, which is clinically observed as myocardial
infarction or stroke (6). (B) To intervene in leukocyte recruitment, circulating monocytes
can be targeted to deliver nanoparticles to the lesion as ‘Trojan horses’ or to knock down
surface receptors, such as CC-chemokine receptor 2 (CCR2), which is crucial for the
adhesion to endothelial cells, by siRNA. (C) Natural ligands (as well as mimetics or
antibodies) of adhesion molecules can be used as targeting entities to direct nanoparticles to
atherosclerotic tissue. (D) Particles such as high-density lipoprotein (HDL) and LDL
naturally home to atherosclerotic lesions, and synthetic equivalents or mimetics can be used
as nanocarriers for drug delivery or as cholesterol acceptors to stimulate cholesterol efflux.
The increased permeability of endothelial cells or neovessels not only allows lipoproteins to
enter the lesion but also permits the entry of (untargeted, long-circulating) nanocarriers
within a certain size range. (E) The fate of the stability of atherosclerotic lesion is
determined by defects in the clearance of apoptotic cells. Inducing this clearance by anti-
inflammatory and pro-resolving drugs [such as dexamethasone (DXM)] encapsulated into
liposomes could therefore stabilize the lesion. Reprinted with permission from Reference 53.
Copyright 2014 Elsevier Ltd.
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Figure 5.
Compositional versatility of multifunctional nanoparticles for biomedical delivery

applications, illustrated generically for a solid core-shell polymer nanoparticle scaffold. (a)
Targeting: Clusters of targeting moieties are important for multivalent binding to receptors
for enhanced cellular uptake; the use of various ligands (antibody, antibody fragment,
peptide, etc.) depends on the therapeutic application and disease type. (b) Shell: The length,
spacing and crosslinking of the shell polymers are critical parameters that dictate the blood
circulation time and stability of nanoparticles with ~1 nm spacing found to be efficient in
preventing protein adsorption. (c) Core: The nature of the core dictates the type of the drug
to be encapsulated. Crosslinking and conjugation of drugs to the core-forming polymer are
common strategies for enhancing the stability of nanoparticles and drug-encapsulation
efficiency, respectively. (d) Cargo: A wide range of imaging agents and/or therapeutics can
be packaged, ranging from small molecules to macromolecular cargoes. Adapted with
permission from References 35,81. Copyright 2012 and 2013 Royal Society of Chemistry.
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Figure 6.
Passive and active targeting features of multifunctional nanomaterials. In passive targeting,

nanoparticles accumulate into pathological sites with leaky vasculature (e.g. tumor) due to
the enhanced permeability and retention effect. In active targeting, the targeting ligands on
the surface of nanoparticles enhance cellular uptake by binding to specific receptors
overexpressed on the diseased cells. Targeting may also be achieved via facilitating escape
from endosomes/lysosomes and/or enhancing nuclear translocation. Multifunctional
nanoparticles have additional functionalities to deliver more than one cargo (e.g. more than
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one type of therapeutic and/or diagnostic agent), or combine more than one targeting
mechanism (i.e. passive and active targeting). Adapted with permission from Reference 35.
Copyright 2012 Royal Society of Chemistry.
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Figure 7.
Possibilities of incorporating various therapeutic and/or diagnostic agents into one set of

nanomaterial. It is observed in the body inset that encapsulation of these agents into
nanomaterials may re-direct their biodistribution to specific organ (brain, for example) for
targeted delivery to the sites of the diseases, as compared to the free drug (vide supra, Figure
1).
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Main types of polymeric nanoparticles that have been utilized for therapy and/or imaging.
Adapted with permission from Reference 81. Copyright 2013 Royal Society of Chemistry.
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Building blocks of various types of polymeric nanoparticles with examples of some
commonly used polymers and linkages. The main building blocks of polymeric
nanoparticles are usually comprised of core-forming polymer; hydrophobic or charged (a),
shell-forming polymer; neutral, hydrophilic and flexible properties are important for stealth
nanoparticles (b), targeting ligand for selective cellular uptake and accumulation at target
sites (c), and linkages between the shell and core and/or targeting moieties (d). Stimuli-
responsiveness (pH, temperature, enzymatic, reductive or oxidative, etc.) can be imparted
into the core, shell and/or the linkages. Shell or core-crosslinking can be also utilized to
enhance the stability of nanoparticles (e). Adapted with permission from Reference 35.
Copyright 2012 Royal Society of Chemistry.
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Chemical structures of DOTA- and tyramine-functionalized PEG- and PCB-g-PAA-b-PLA
copolymers, their self-assembly in water and crosslinking to form SCKs, with PLA
degradable cores, PAA crosslinked shells, DOTA and tyramine available functionalities, and
a hydrophilic shell of either PEG or PCB. TC = SC(=S)SC1,H>s, trithiocarbonate chain end
from the RAFT polymerization chemistry. Reproduced with permission from Reference 89.

Copyright 2013 Elsevier Ltd.
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Crosslinking imparts superior characteristics and features to the nanoparticles compared to

the non-crosslinked ones, such as, higher stability in solution and in contact with biological
interfaces, which reduces the premature cargo release and cyto/immunotoxicities, higher
kinetic- and blood-stability, and resistance to aggregation during lyophilization and
resuspension processes.
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Figure 12.
The potential of scope PET atherosclerosis imaging. Inflammation and related pathogenic

processes occurring within high-risk plagues can be imaged in vivo using specifically
targeted radiolabelled PET tracers. 18F-FDG is the most-widely studied and validated tracer,
which is taken up by active macrophages where it is metabolically trapped and accumulates
in proportion to intracellular demands. However, the 18F-FDG arterial signal is also
influenced by local hypoxia and uptake by other resident cell types. Alternative PET tracers,
including 18F-FMCH, 88Ga-DOTATATE, and 11C-PK11195 could be more-specific for
macrophage activity (and, therefore, for inflammation) than 18F-FDG. These tracers also
seem to have lower background myocardial cell uptake than 18F-FDG, which makes them
preferable for coronary artery imaging. Within an inflamed plaque, hypoxia,
neoangiogenesis, and microcalcification also contribute to plaque vulnerability; these
processes can potentially be imaged with PET using novel tracers, such as 18F-

FMISO, 8Ga-NOTA-RGD, and 18F-NaF, respectively. Abbreviations: DOTATATE,
[1,4,7,10-tetraazacyclododecane-N,N’,N”,N”-tetraacetic acid]-o-Phel, Tyr3-octreotate; FDG,
fluorodeoxyglucose; FMCH, fluoromethylcholine; FMISO, fluoromisonidazole; GLUT,
solute carrier family 2, facilitated glucose transporter member; NaF, sodium fluoride;
NOTA-RGD, 1,4,7-triazacyclononane-1,4,7-triacetic acid-Arg—Gly—Asp; SSTR2,
somatostatin receptor type 2; TSPO, translocator protein. Reprinted with permission from
Reference 190. Copyright 2014 Macmillan Publishers Ltd.
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Figure 13.
(a) Schematic representation of hyperbranched polymer (HBP) used in folate-targeting

experiments and MRI and optical images of the mouse subcutaneous B16 melanoma model
with HBP. (b) MRI images of bladder, kidney, liver, or tumor (circled in image) in the
tumor-bearing mice 1 h following intravenous injection of 100 pL of folate-conjugated or
unconjugated (control) HBP (20 mg/mL in PBS). The high-resolution *H MR image is
overlaid with the 1°F image. Experiments were performed under isofluorane. (c)
Fluorescence images of mice following injection of the same two compounds at the same
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concentration. The fluorescence images are co-registered with X-ray images of the mice 1 h
following subcutaneous injection. (d) Synthesis of a hyperbranched polymer using RAFT
mediated polymerization and subsequent end group modifications to introduce amine
functionality, followed by attachment of PET ligand and optical NIR dye to synthesize
multimodal imaging agent. PET/optical images of C57 BI/6J mice with subcutaneous B16
melanoma tumor, injected with HBP 2A (e-f). (€) PET/CT image 24 h post injection,
showing significant uptake in the tumor (white circle). (f) 72 h time course of optical
imaging, top row: non-tumor bearing flank, bottom row: tumor bearing flank. (g) Optical
imaging of excised organs (L: liver, K: kidneys, B: blood, Lu: lungs, H: heart, S: spleen, G:
gut, and T: tumor). Adapted with permission from References 200202, Copyright 2014,
Royal Society of Chemistry and American Chemical Society, respectively.
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Figure 14.

Redox-sensitive dual-modality imaging mechanism. (a) Schematic for dual-modality
molecular imaging in response to nitroxide reduction. (b) Emission behavior of OF1 and a
control polymer with Cy5.5 and no nitroxides upon exposure to varied amounts of ascorbate
or glutathione (GSH) in PBS buffer. The solution pH before and after addition of 60 equiv.
ascorbic acid was 7.0 and 6.31, respectively; this pH change has no effect on Cy5.5
absorbance/emission. Reprinted with permission from Reference 211. Copyright 2014
Macmillan Publishers Ltd.
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Figure 15.
Nanoparticle core-shell design and synthesis. (a) Schematic of paclitaxel-polylactide (Ptxl—

PLA) biomaterial synthesis. Ptxl was mixed with equimolar amounts of
[(BDNZnN(TMS),]; the (BDI)Zn—Ptxl complex formed in situ initiated and completed the
polymerization of lactide. For the nanoburr core, we synthesized PtxI-PLA,s drug
conjugates, which have approximately 25 DL-lactide monomer units. (b) Schematic of
nanoburr synthesis by nanoprecipitation and self-assembly. PtxI-PLA in acetone was added
dropwise to a heated lipid solution, vortexed vigorously, and allowed to self-assemble for 2
h to form NPs. The NPs were peptide-functionalized using maleimide-thiol chemistry.
Nanoburrs have a drug-eluting polymeric core, a lipid monolayer, a PEG antibiofouling
layer, and peptide ligands (hooks) to adhere to the exposed basement membrane during
vascular injury. (c) Targeted (Col 1V) NPs encapsulating the Ac2-26 peptide was developed
using biodegradable polymers via a single-step nanoprecipitation method. The synthesized
polymer and Ac2-26 peptide were dissolved in acetonitrile (total polymer 3 mg/mL), and 25
(wt/wt) of the fluorescent PLGA-Alexa 647 was added to the formulation. The NP sample
contained 4% (wt/wt) peptide and 5% (wt/wt) of the Col IV peptide-conjugated targeting
polymer. The organic mixture containing the polymers and peptide was then added dropwise
to nuclease-free water (10 mL). The solution was stirred for 2-4 h, and the particles were
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filtered, washed, and resuspended in water or PBS. BDI = 2-((2,6-
diisopropylphenyl)amino)-4-((2,6-diisopropylphenyl)imino)-2-pentene, TMS =
trimethylsilyl. Adapted with permission from References 225-226. Copyright 2010 National
Academy of Sciences.
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Figure 16.

(A) Schematic diagram for mitochondrial delivery of cisplatin prodrug using a targeted NP
and the mechanism of action. (B) Synthesis of mitochondria-targeted Pt(IV) prodrug Platin-
M. Reprinted with permission from Reference 248, Copyright 2014 National Academy of
Sciences.
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Figure 17.
(A) Structures of monomers used in the controlled loading and release of multiple anticancer

drugs. (B) Schematic for synthesis of three-drug-loaded BASP. Drug release occurs in
response to three distinct triggers. Reprinted with permission from Reference 268, Copyright
2014 American Chemical Society.
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Figure 18.
Construction of the DPc-TPM and light-responsive gene transfer. (a) Design of the DPc-

TPM. First, a three-layered polyplex micelle is prepared by mixing PEG-PAsp(DET)-PLys
triblock copolymer and pDNA,; the polyplex micelle is composed of a PEG shell, an
intermediate PAsp(DET) layer and a PLys/pDNA core. The DPc-TPM is constructed by
adding DPc to the PAsp(DET) intermediate layer. (b) Chemical structure of DPc. (c)
Scheme showing the delivery at systemic and intracellular levels. At the systemic level,
DPc-TPM circulates in the blood stream; non-specific interaction with biological
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components is prevented after intravenous injection. In the target tissue (a solid tumor),
DPc-TPMs are taken up by cells via endocytosis and entrapped in endo-/lysosomes. In
response to the low pH prevalent in the endo-/lysosome, DPc is released from the DPc-
TPMs owing to the protonation of the peripheral carboxyl groups and interacts with the
endo-/lysosomal membrane through hydrophobic interactions. Upon photoirradiation, DPc
generates ROS that destabilize the endo-/lysosomal membrane, facilitating endo-/lysosomal
escape. Reprinted with permission from Reference 271. Copyright 2014 Macmillan
Publishers Ltd.
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Figure 19.

(A) Preparative procedure to obtain PS-carrying BVgMAA micelles in water. A BVT
triblock terpolymer is quaternized and hydrolyzed in dioxane to give amphiphilic
BVgMAA. After PS addition, self-assembly to micelles takes place through the exchange of
solvent from dioxane to PBS buffer. (B) Complexation with PLL-b-PEG diblock
copolymers and subsequent crosslinking of PMAA with PLL yields PEGylated micelles
(BVGQMAA/PLL-b-PEG). Reprinted with permission from Reference 272. Copyright 2014

American Chemical Society.
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Figure 20.
Schematic illustration of doxorubicin (DOX)-loaded zwitterionic polymer-based

nanoparticles and the changing of surface charge property in response to the tumor acidity
(pHe). 1) Amphiphilic zwitterionic block copolymer PCL-b-P(AEP-g-TMA/DMA) self-
assembles into nanoparticles in agueous solution with DOX encapsulation. During
circulation in blood, the nanoparticles show prolonged circulation time and can leak into
tumor sites through the EPR effect. 2) Responding to the pHe, the zwitterionic polymer
diminishes its anionic part, forming PCL-b-P(AEP-g-TMA/Cya), and the formed
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nanoparticles are activated to be positively charged and become recognizable by tumor cells.
Reprinted with permission from Reference 273. Copyright 2012 John Wiley & sons, Inc.
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Figure 21.
Drug delivery strategy of the MMP2-sensitive nanopreparation. Adapted with permission

from Reference 275. Copyright 2013 National Academy of Sciences.
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Figure 22.
Synthesis and micelle formation of cationic amphiphilic polycarbonates. a, Cationic

amphiphilic polycarbonates were synthesized with a well-defined structure and narrow
molecular weight distribution. Based on light scattering, zeta potential, TEM and simulation
analyses, these polymers easily formed cationic micelles by direct dissolution in water. b,c,
The formation of micelles was simulated through molecular modeling using Materials
Studio Software (b) (in the polymer molecule: red, O; white, H; grey, C; blue, N), and was
observed in a TEM image of polymer 3 (c) (scale bar, 0.2 um). Reprinted with permission
from Reference 286. Copyright 2011 Macmillan Publishers Ltd.
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Figure 23.
Self-assembly of biodegradable gold vesicles (BGVs) composed of poly(ethylene glycol)-b-

poly(e-caprolactone) (PEG-b-PCL)-tethered GNPs through the dot-line—plane—vesicle mode
during the dialysis process. BGVs with an ultrastrong plasmonic coupling effect are superior
photoacoustic (PA) imaging and photothermal therapy (PTT) agents with improved
clearance after the dissociation of the assemblies. The PA signal and PTT efficiency of
BGVs are increased as the distance (d) between adjacent GNPs decreases. Reprinted with
permission from Reference 310. Copyright 2014 John Wiley & Sons, Inc.
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Figure 24.
(a) Schematic illustration of the synthesis and structure of PGNRs and MPGNRs. (b) The

mechanism of action of MPGNRs for targeted photothermal therapy and dual MR/PA
imaging. Abbreviations: PGNRs, PEGylated gold nanorods; MPGNRs, magnetic PGNRs;
MR/PA imaging, magnetic resonance/photoacoustic imaging. Reprinted with permission
from Reference 312. Copyright 2013 Elsevier Ltd.
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Figure 25.

Dgsign, synthesis and characterizations of NPs and disulfide-crosslinked NPs. (a) Schematic
illustration of a multifunctional NP self-assembled by a representative porphyrin—
telodendrimer, PEGgy-Pors-CA4, composed of four pyropheophorbide-a molecules and four
cholic acids attached to the terminal end of a linear PEG chain. (b) Schematic illustration of
NPs as a smart “all-in-one’ nanomedicine platform against cancers. (c) Near-infrared
fluorescence imaging of NP solution (10 L) in the absence and in the presence of SDS with
an excitation bandpass filter at 625/20 nm and an emission filter at 700/35 nm.
Concentration-dependent photothermal transduction of NPs: (d) thermal images after

Chem Rev. Author manuscript; available in PMC 2016 October 14.

D Pyropheophorbide a

"




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Elsabahy et al.

Page 84

irradiation with NIR laser (690 nm) at 1.25 w cm™2 for 20 s. () Schematic illustration of a
representative crosslinkable porphyrin—telodendrimer (PEGs,-Cyss-Pors-CAy), composed
of four cysteines, four pyropheophorbide-a molecules and four cholic acids attached to the
terminal end of a linear PEG chain. (f) Schematic illustration of FRET-based approach for
study of the real-time release of doxorubicin from nanoporphyrins in human plasma.

Adapted with permission from Reference 208. Copyright 2014 Macmillan Publishers Ltd.
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Figure 26.
(a) Fabrication process of multi-modal transfection agents (MTA) and in vitro and in vivo

multi-modal imaging of MTA in hMSCs. (b) No hyperintense signal (arrow) of MR and
optical fluorescence was detected in mice transplanted with MTA-untransfected hMSCs. (c)
Hyperintense signals (arrows) of MR and optical fluorescence were detected in mice
transplanted with MTA-transfected hMSCs and were still visible 14 days after
transplantation. Adapted with permission from Reference 315. Copyright 2014 Elsevier Ltd.
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Figure 27.
Design of the multifunctional pH-sensitive polymeric nanoparticle system. Reprinted with

permission from Reference 182. Copyright 2014 Royal Society of Chemistry.
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Figure 28.

Design and synthesis of target-selective theranostic nanoparticles mimicking virus entry into
cells. a) Schematic illustration and SEM image of the filamentous virus-like theranostic
nanoparticles composed of poly(y-glutamic acid)-graft-cetylester (y-PGA-g-cetylester), pH-
switchable fluorophores (pSF), therapeutic drugs (paclitaxel), and targeting antibody
(Herceptin). b) Target-selective theranosis: receptor-mediated entry of y-PGA-g-cetylester
[pSF/paclitaxel] nanoparticles followed by pH-dependent signal-on, hydrophobicity-induced
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membrane-disruption and cytosolic delivery of therapeutic drugs. Reprinted with permission
from Reference 317. Copyright 2014 John Wiley & Sons, Inc.
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Figure 29.
Schematic diagram of therapeutic process of magnetic targeting polyplex scAbCD3-PEG-g-

PEI-SPION in vitro and in vivo. Reprinted with permission from Reference 318. Copyright
2012 American Chemical Society.
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Figure 30.
Construction of HAT nanostructures as a template for the co-delivery of siRNA and

paclitaxel: (A) Electrostatic complexation of PAEA1g9-b-PS3g ¢SCKs and nucleic acids (e.g.
siRNA) and decoration of the surface of nanoparticles with targeting ligands (e.g. F3
peptides); (B) Loading of hydrophobic drugs (e.g. paclitaxel) into SCRs composed of
PAA1140-b-PpHSsg. (C) Hierarchical-assembly of cSCKs and SCRs to form the HAT
nanoassemblies and the cross-sectional view of the multifunctional HAT nanostructures.
Reprinted with permission from Reference 320. Copyright 2013 American Chemical
Society.
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Comparison of some key imaging modalities. Adapted with permission from References 33-34. Copyright
2014 and 2010, Springer and Elsevier Ltd., respectively.

Modality Spatial Depth Time Target* Imaging agents Probe sensitivity Advantages Disadvantages
resolution  limit (M)
CT 50-200 None  Seconds AP Heavy elements e.g.,  Not well- High Poor sensitivity
um -minutes iodine, barium characterize resolution Not functional
Relatively (contrast agents
lower cost are required for
No depth tissue
limit differentiation)
Radiation
MRI 25-100 None  Minutes A,P,M  Superparamagnetic: 103t0 107° High High cost
pum -hours Fe304, Fe,03; resolution Low sensitivity
Paramagnetic: No radiation Not functional
Gd, Mn Functional Limited
imaging with  availability for
modification patients with
(FMRI) metallic
No depth implants
limit
PET and 1-2 mm None Minutes P,M Radionuclides PET: PET: High Low resolution
SPECT 18F 13N, 11C 150, 101 to sensitivity High cost
64Cy, 68Gd, 89zr, 1241 10712 Functional Radiation
SPECT: SPECT: Imaging
99mTe 1l 10"t No depth
1071t limit
Ultrasoun 50-500 None  Seconds A P Microbubbles Not well- Low cost Low resolution
d pum -minutes characterize Ease of Limited imaging
d operation depth
No radiation
Optical 1-5mm mm Seconds P, M Fluorescent dyes or Bioluminesc High Not for clinical
imaging -minutes quantum dots ence: 10715 to sensitivity imaging
10~17 Fluorescence  No radiation Low resolution
109 to 1012 Multi-channel  Limited imaging
imaging depth

*
: A, anatomical; P, physiological; M, molecular

Chem Rev. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Elsabahy et al.

Page 92

Table 2

Main types of nanoparticles that have been utilized for therapy and/or imaging. Adapted with permission from
Reference 81. Copyright 2013 Royal Society of Chemistry.

A. Organic nanoparticles:

1.

Macromolecular conjugates (e.g. Xyotax®, Oncaspar®): Conjugating drug to a polymeric or lipidic segment to impart
specific properties to the drug to facilitate or direct its delivery.107-108

Nanoemulsions (e.g. Diprivan®): Heterogeneous mixture of two immiscible liquids with emulsifier that stabilizes the
dispersed droplets. They can be utilized as carriers for hydrophilic or hydrophobic drugs for various therapeutic
applications,109-110

Polymeric micelles (e.g. NK012, NK105, SP1049C, NC-6004, Genexol): Self-assembly of amphiphilic copolymer chains
in aqueous milieu presenting a core/shell architecture with a hydrophobic core and hydrophilic corona. Depending on the
structure of the core forming polymer and the forces driving the assembly, they may be classified also as polyion complex
micelles or polymer-metal complex micelles. 111113

Shell crosslinked knedel-like nanoparticles: Shell crosslinked polymeric nanoparticles to enhance the kinetic stability
and prevent the dissociation upon in vivo administration. Degradation of the core is also possible to form nanocages.?0-91.97

Protein-based and polymeric nanoparticles (e.g. Abraxane®, BIND-014): Colloidal particles with a rigid core that are
either made from a polymeric or lipidic matrix in which a drug is dissolved or dispersed or from drug nanocrystals
stabilized by a polymer.97114-115 polymer brushes, unimolecular (e.g. dendrimers) and hyperbranched structures utilized
for drug delivery may also fall into this category.116-117

Liposomes (e.g. Doxil®, DaunoXome, Ambisome): spherical vesicles composed of lipid bilayers and a hydrophilic core
with capability of solubilizing both hydrophilic and lipophilic drugs into the core and lipid bilayers, respectively,118-120

Lipoplexes and polyplexes (e.g. ALN-VSP): Complexes between nucleic acids (DNA/RNA) and cationic lipids or
polymers, and when PEGylated are categorized as PEGylated lipoplexes and polyion complex micelles, respectively.121-124
Stable nucleic acid lipid particles (SNALP) may also fall into this category.125-126

B. Inorganic nanoparticles:

1.

3.

Metal and metal-oxide nanoparticles:
a.  Gold nanoparticles (e.g. Aurimune®): Nanoparticles that display interesting optical and electrical properties.t2?

b.  Magnetic nanoparticles (Ferridex, Ferumoxytol, Resovist): Nanoparticles with magnetic properties (e.g.
paramagnetic iron oxide nanoparticles).128-129

c. Other nanoparticles: Other kinds of nanoparticles do also exist, such as, titanium oxide, platinum- and diamond-
based nanoparticles, etc.

Carbon nanotubes: single wall or multi-wall cylindrical graphene sheets.12%-131

Quantum dots: Inorganic semiconductor nanoparticles that are widely used as fluorophores for biological imaging.12®
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Table 3

Multimodal medical imaging using polymeric nanoparticles.

Imaging methods  Polymer modification Contrast agents  Advantages Applications
(Tracers)
MRI/CT Poly(acrylic acid) Gd3+ Anatomical Cancer19-198
Poly(amidoamine) Gold information
nanoparticle High resolution
Enhanced
images with
smaller dosage
PET/optical Poly(dextran) nanoparticles;  89zr Anatomical Cardiovasculart®?
Poly(oligoethylene glycol VivoTag 680 information Cancer2%0
methyl ether methacrylate)- 64y, Quantitative
based hyperbranched NIR-750 Functional
polymer Alexa Fluor-647  High-contrast
High-resolution
Time-resolved
Therapeutic
possibility
MRI/optical Poly (glycidyl SPIO Anatomical Neuroscience?0t
methacrylate)- Rhodamine information Cancer202-203
polyethylenimine 19 High resolution
Poly(oligoethylene glycol Rhodamine B High sensitivity
methyl ether methacrylate)-  NIR797 Therapeutic
based hyperbranched Quantum dot possibility
polymer Poly (lactic acid)-
D-a-tocopheryl
polyethylene glycol 1000
succinate nanoparticles
Ultrasound/optical ~ Hyaluronic acid ICG Anatomical Cancer204-205
information
Functional
High resolution
Therapeutic
possibility
Trimodal MRI-PET-optical SPIO Anatomical Cardiovascular2®
Poly(dextran) nanoparticles  64Cy information Cancer207-208
PEG VT680 High resolution
Pyropheophorbide-a-cholic g3+ Functional
acids-PEG Yb3+/ER* High sensitivity
124 Therapeutic
possibility
MRI-CT-optical Gd3* Anatomical Cancer?®
PEG Yb3*/Er3* information
Gold High resolution
Functionl

nanoparticle
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