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Multifunctional nanomedicine is emerging as a highly integrated platform that allows for

molecular diagnosis, targeted drug delivery, and simultaneous monitoring and treatment of
cancer. Advances in polymer and materials science are critical for the successful development
of these multi-component nanocomposites in one particulate system with such a small size

confinement (<200 nm). Currently, several nanoscopic therapeutic and diagnostic systems have

been translated into clinical practice. In this feature article, we will provide an up-to-date review

on the development and biomedical applications of nanocomposite materials for cancer diagnosis
and therapy. An overview of each functional component, i.e. polymer carriers, MR imaging
agents, and therapeutic drugs, will be presented. Integration of different functional components
will be illustrated in several highlighted examples to demonstrate the synergy of the

multifunctional nanomedicine design.

1. Introduction

Cancer is a leading cause of global health burdens. In 2007
alone, it claimed 7.9 million deaths worldwide, which was 13%
of all deaths.! In the US, more than 1.4 million new cancer
cases were estimated for the year 2008.2 Although cancer
survival rates have improved over the past few decades, its
mortality rates remain high in spite of the rapid decline in
other diseases (e.g. cardiovascular disease). In contrast to these
other diseases, cancer is a highly heterogeneous disease with
diverse phenotypic expressions at different organ sites. Lack of
effective diagnostic methods to detect cancer at its early onset,
as well as a lack of efficacious therapy with minimal toxicity,
remain the major limitations for complete eradication of the
disease.’
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Medical imaging has been one of the most important tools
for cancer diagnosis. Depending on which imaging modality is
used, anatomical or molecular information can be obtained.*
Nuclear imaging techniques such as positron emission
tomography (PET) or single photon emission computed
tomography (SPECT) have excellent sensitivity and can pro-
vide biochemical information on pathological conditions.>®
In comparison, computed tomography (CT) and magnetic
resonance imaging (MRI) have high spatial and temporal
resolutions and can provide superb anatomical information.
Optical imaging provides novel insight into molecular and
cellular processes. However, its clinical use is hampered by
limited light penetration in biological tissues. Compared to
other imaging modalities, MRI yields excellent soft tissue
contrast, and is highly sensitive to blood flow. MR imaging
of cancer can be greatly facilitated by the use of contrast
agents to differentiate cancerous tissue from surrounding
benign tissues. Several paramagnetic (Gd-based) MR agents’
and superparamagnetic (iron oxide) nanoparticles®'® are
currently used in clinics and fall within the realm of
“MRI-visible” nanomedicine.
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In addition to cancer molecular imaging, therapeutic drug
delivery is another research field that offers promise for the
efficacious treatment of cancer. Current chemotherapeutics
often lack specificity and efficacy because of their poor
pharmacokinetics and pharmacodynamics.!'™!* Severe toxic
side effects in healthy tissues and patient morbidity are major
drawbacks for these treatments. In the past few decades,
intense research efforts have focused on the development
of nanoscopic delivery systems for targeted therapy of
cancer.'*!> Various nanomedicine platforms have been
established to deliver anticancer drugs and/or imaging agents
to tumors. Recently, a new term “‘theranostic nanomedicine”
was introduced to describe nanosystems that integrate
diagnostic and therapeutic functions within the same
platform.'®!7 Such a design may permit the molecular diagnosis,
targeted therapy, and simultaneous monitoring and treatment
necessary to achieve personalized medicine for cancer.

2. Multifunctional nanomedicine

Over the past several decades, we have witnessed the explosive
development of a variety of nanomedicine platforms for
cancer diagnosis and treatment.'*!> These nanoplatforms
include polymer—drug conjugates, dendrimers, liposomes,
polymeric micelles, polymersomes, inorganic nanoparticles
(e.g. Au/Ag/Si/Fe;0,4/CdSe),!"!>18  each with distinct
chemical compositions and physical properties. Compared to
traditional small molecular-based contrast agents or therapeutic
drugs, these new nanomedicine platforms permit a highly
integrated design that incorporates multiple functions, such
as cell targeting, imaging ultra-sensitivity, and therapy in one
system. 2! Multifunctional nanomedicine holds considerable
promise as the next generation of medicine that allows for the
molecular diagnosis of cancer phenotypes, customized therapy
to exploit unique cancer targets, and simultaneous treatment
and monitoring of therapeutic efficacy. This modular design
with “theranostic”” functions may prove essential in addressing
the challenge of tumor heterogeneity and achieving persona-
lized medicine for diverse cancer phenotypes.
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Fig. 1 Schematic illustration of the functional components for the
development of cancer nanomedicine.

In this Feature Article, we will review the recent progress in
the development and applications of polymeric nano-
composite particles for cancer MR imaging and therapy.
Fig. 1 is a schematic of a nanocomposite particle with different
functional components. The therapeutic component can
be small molecular drugs,'! therapeutic proteins,?? small inter-
fering RNA (siRNA),>2* or plasmid DNA.>2° Both
clinically approved anticancer drugs such as doxorubicin or
pre-clinical agents such as B-lapachone®” have been used in
nanocomposite particles. The MR imaging component
consists of contrast agents with distinctive contrast
mechanisms, namely 7,,” T5,° as well as chemical exchange
saturation transfer (CEST) agents.”® The last component of
the composite design is nanocarriers. Although a number of
nanocarriers from inorganic frameworks such as silicon-based
materials,”>® carbon nanotubes,’’*? and zeolites®>** have
been reported, we will focus primarily on biocompatible
polymeric systems in the current Feature Article.

2.1. Anticancer agents

A number of anticancer agents can be incorporated in nano-
medicine platforms to achieve the desired therapeutic efficacy.
In general, these agents can be categorized into four groups
based on their structural properties: (1) small molecular anti-
cancer drugs; (2) proteins; (3) small interfering RNA (siRNA);
and (4) plasmid DNA. In this section, a brief overview of each
type of cancer nanotherapeutics will be given.

Several excellent articles have comprehensively reviewed the
development of small molecular drug-based nanomedicine.'>3>3¢
The most widely studied small drugs are
doxorubicin and paclitaxel. Doxorubicin has been incorpo-
rated into a number of nanocomposite platforms such as
dendrimers,*”*® polymer—drug conjugates,>>>° liposomes,*’
and polymeric micelles.*'*® Similarly, paclitaxel has also been
used as a cancer therapeutic in nanocomposite particles.***
Additionally, therapeutic agents for photodynamic therapy or

molecular
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radiation sensitization can be included. A combination of
these agents can also be used to target multiple malignant
processes to achieve enhanced therapeutic efficacy through
synergy.*®

Protein-based therapeutics are also widely used for cancer
therapy.”> Currently, therapeutic proteins are mostly
produced by recombinant DNA technology. Compared to
small molecular anticancer drugs, protein drugs can be more
specific toward cancer cells with potentially fewer side effects.
For example, cetuximab is a monoclonal antibody that binds
to the extracellular portion of the epidermal growth factor
receptor (EGFR) and inhibits cell growth and proliferation.*’
It is used clinically to treat lung, colorectal, and head and
neck cancers. Despite their promise in oncology, protein
therapeutics have been hindered in clinical applications due
to their rapid clearance, enzymatic degradation, and lack of
stability. Nano-delivery systems can play a key role in
overcoming such limitations.*® For example, SMANCS, a
conjugate of neocarzinostatin (NCS) and poly(styrene-co-
maleic acid) (SMA), was developed by Maeda and coworkers
in the 1980s, and has been clinically approved as one
of the first polymer—protein therapeutics for cancer.* The
blood half-life of SMANCS is 10 times longer than that
of NCS alone, which leads to enhanced tumor targeting
via the enhanced permeability and retention (EPR) effect,
resulting in an efficacious response for liver cancer
therapy.’!

Recently, siRNA molecules have received considerable
attention as novel therapeutic agents for cancer treatment.
Each siRNA has a double-stranded structure that consists of
20-25 nucleotides. Sequence-specific gene silencing can be
achieved with siRNA, which potentially increases its tumor
specificity. The delivery of siRNA using nanoparticles is still
at an early stage compared to small molecular drugs. The
most common nanoplatforms for siRNA delivery are
liposomes and cationic polymer-based nanoparticles. Villares
et al. reported the incorporation of protease-activated
receptor-1 siRNA in liposomes, which were injected into mice
carrying A375SM human melanoma xenografts.’> A decrease
in tumor volume and metastatic lung colonies was reported.
Sonoke et al. reported an increased tumor uptake and
improved antitumor efficacy of a pegylated cationic liposome
encapsulating an siRNA that is sequence specific for the
antiapoptotic bcl-2 mRNA.>* Our laboratory recently
reported the incorporation of siRNA targeting secretory
clusterin (sCLU) into pegylated PEI nanoparticles.>* In breast
cancer MCF-7 cells, siRNA-sCLU nanocomplexes suppressed
both basal as well as IR-inducible sCLU protein expression,
which led to a significant increase in IR-induced lethality over
siRNA scrambled controls. Medarova et al. reported the use
of dextran-coated iron oxide nanoparticles for the delivery of
siRNA that targets the antiapoptotic gene Birc5. After two
weeks of treatment, increased apoptosis was observed in
cancer cells in a human LS174T colorectal tumor model.>
The versatility of siRNA therapy opens many exciting
opportunities to achieve tumor-specific response in different
types of cancers.

The last category of cancer therapeutics is plasmid DNAs
for gene therapy. It is now well known that cancer arises from

genetic mutations and genomic instabilities. Gene therapy has
the potential to correct these abnormalities at a genetic level.
Compared to siRNA, DNA is larger in size and requires
delivery to the nucleus, which is a formidable challenge in
gene delivery. Although viral vectors have demonstrated high
transfection efficiency, safety and immunogenicity are major
concerns for clinical use. Non-viral gene delivery remains an
active area of research with the main focus being improvement
of delivery and transfection efficiency. Recently, Abela et al.
reported the preparation of a virus-mimicking nanoparticle,
transferrin (Tf)—cationic liposome-DNA complex (Tf-lipoplex)
by encapsulating plasmid DNA cytomegalovirus-green fluor-
escent protein (CMV-GFP) inside the core of liposomes.*®
They reported that Tf-lipoplex achieved high gene delivery
efficacy in C57BL mice carrying subcutaneous LLCI1 tumor
xenografts. Moreover, normal tissue toxicity was low suggesting
that a safe, repeated administration strategy of the particles
can be used. Recently, Langer and coworkers applied a
combinatorial polymer library approach to screen for optimal
cationic polymers for DNA delivery.”’ The large data set
permits comprehensive structure—property correlations to
identify key structural motifs that allow for optimal compaction,
binding affinity, and adequate dissociation of DNA from
nanocarriers upon cell uptake in order to maximize delivery
efficiency. These new research efforts are critical in achieving
the desired therapeutic potential of DNA for cancer therapy.

2.2. MRI contrast agents

Since the introduction of MRI in the 1970s,%® its applications
in clinical oncology have been and are rapidly expanding.
MRI has become a vital tool in clinical cancer diagnosis
because it offers superb anatomical and functional images
with high spatial and temporal resolution. Moreover, MRI
does not require administration of radioactive agents or high
energy electromagnetic waves as in the case of PET, SPECT
and CT.* Image contrast in MRI relies on the relaxation
properties of water protons. For cancer-specific diagnosis, a
targeted contrast agent is necessary to help distinguish
malignant tissues from normal ones. It should be noted that
MRI agents produce image contrast by affecting relaxation
properties of water protons®® whereas most other imaging
modalities (e.g. PET, SPECT, CT, fluorescence) detect the
imaging probes directly.

There are three main types of MRI contrast agents based on
their different contrast mechanisms. First are the 7' agents
that generate a positive image contrast by increasing longi-
tudinal relaxation rates of surrounding water protons;*
second are the T, agents that generate a negative image
contrast by increasing the transverse relaxation rates of
water;’ and finally, chemical exchange saturation transfer
(CEST) agents allow for turning “on” and “off”” the image
contrast by an external radiofrequency (RF) pulse.®' For
cancer molecular imaging applications, one major challenge
is to improve the detection sensitivity of the above agents so
that tumor markers can be visualized by MRI at low patho-
physiological concentrations. In the sections below, we will
provide a concise review of the physics and mechanisms of
each type of contrast agents.

This journal is © The Royal Society of Chemistry 2009
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2.2.1 T, contrast agents. Under an external magnetic field
(By), magnetic moments of precessing protons align along the
direction of B, producing a net magnetization in the same
direction, or longitudinal z axis (Fig. 2). When the sample is
irradiated with an RF pulse, the net magnetization can be flipped
away from its original axis, a process called excitation. A net
longitudinal magnetization (M.) is zero if the RF irradiation is a
90° pulse. The net magnetization then returns to its original
equilibrium state (M), a process known as longitudinal (77)
relaxation or spin-lattice relaxation (left panel, Fig. 2).

The recovery of net longitudinal magnetization is governed
by eqn (1). T, relaxation time is defined as the time required
for protons to return to 63% of their original longitudinal
magnetization. Its reciprocal, 1/7T;, is known as the T}
relaxation rate. In biological samples, different forms of
protons (mobile water, tissue-bound water) have different T
relaxation rates. When a T;-weighted MR image is acquired,
tissues containing different types of protons produce images of
different signal intensity to yield image contrast.

A good Tj contrast agent must be able to shorten 7' relax-
ation times of surrounding water protons even at a low
concentration of the agent. This ability is depicted by r;, or
T, relaxivity, of the contrast agent. Eqn (2) shows the T;
relaxation rate as a function of r; and concentration ([M]) of
the contrast agent, where T z,0 is the relaxation time of pure
water. A contrast agent with high r; values can cause sur-
rounding protons to recover to the longitudinal magnetization
rapidly producing a bright image in a 7;-weighted MR image.

The most common 7 contrast agents are Gd(i)-based
chelating complexes. Gd(m) ions have seven unpaired
electrons making them strongly paramagnetic. The Gd(i)
ion is not naturally found in the human body and its free
ionic form is highly toxic.®® Therefore, chelating ligands that
can form stable complexes are necessary for the development
of clinically safe MRI contrast agents. Gd(m) is known to
coordinate strongly to diethylenetriamine backbones modified
with carboxylic acids. A number of derivatives, both in linear
and cyclic forms, have been synthesized and tested for complex
associations. The first Gd()-complex approved for clinical

= _ L,
Mz = Mo (1 —e ) M use is Gd(i)-diethylenetriamine pentaacetic acid (Gd-DTPA,
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Fig.2 Representative chemical structures and compositions for three different types of MRI contrast agents. Left panel, the chemical structure of
a T agent, Omniscan™, and T relaxation mechanism; middle panel, TEM image of a T agent, 9 nm Fe;0,4 nanoparticles, and T, relaxation; right
panel, the chemical structure of EuDOTAM?®", a PARACEST agent. A two-pool exchange model for CEST mechanism and a representative

Z-spectrum are illustrated.
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Fig. 3 Schematic illustration of chemical structures of representative 7 agents (left), TEM images of exemplary 7, agents (middle), and chemical
structures of several types of CEST agents (right). Reproduced with permission from refs. 66 (MnFe,0y), 68 (FeCo), and 69 (FePt).

or nitrogen atoms in the backbone and one site to water
molecules. Subsequently, many derivatives of DTPA
and other chelates were introduced: Gadodiamide
(Gd-DTPA-BMA, Omniscan™), a cyclic chelating agent
tetraaza-12-crown-4-tetraacetic acid (Gd-DOTA, or Dotarem™),
GdHPDO3A (Prohance®™), Gd-EOB-DTPA (Eovist®), and
Gd-BOPTA (Multihance™).

In addition to Gd(in), Mn(n) was also studied as a T}
contrast agent. Mn(11) has five unpaired electrons and is also
paramagnetic. Mn(i1) complexes are not as widely used as
Gd(ur) due to the poor stability of Mn(i1) ions and metal
complexes. Thus far, MnDPDP (Teslascan™) in which Mn(11)
is coordinated by dipyridoxyl diphosphate, is the only
clinically approved agent. More recently, metal oxide nano-
particles such as Gd,05%? and MnO® were also reported as T
contrast agents. These particles showed high 77 relaxivity on a
per particle basis. In Fig. 3, the left panel shows the molecular
structures of several representative 7' agents. The integration
of the derivatives of these agents into nanocarriers is discussed
in section 2.3.

2.2.2 T, contrast agents. Transverse relaxation or 7,
relaxation is another key mechanism for contrast agent
development (middle panel, Fig. 2). Upon excitation of
protons by an RF pulse (e.g. 90°), the magnetization in the
xy plane is generated as transverse magnetization (M,,). As
the recovery in longitudinal magnetization takes place, the
transverse magnetization begins to decrease due to spin—spin
relaxation or 7T, relaxation. The decrease in transverse
magnetization is called decay. The time it takes for the
transverse magnetization to decay to 37% of its original value
is T, time (eqn (3)). Generally, T, relaxation is faster than that
of T). Samples in which protons have a higher degree of
translational and rotational freedoms (mobile waters vs. tissue
bound waters) generally have longer T, values.

Moy = Myope "™ 3)
1 1
— = + 1M 4
T, Trmo 2[M] “

T, contrast agents are mainly superparamagnetic nano-
particles (e.g. Fe;04).%* These agents can be strongly
magnetized under an external magnetic field, which can lead
to considerable distortion of the local magnetic field. 7,
relaxivity (r») is an intrinsic property of 7, contrast agents
that describes their ability to affect 7, relaxation rates
(eqn (4)). Unlike 7 agents, where a chemical exchange
between bound and free water molecules is required for the
relaxation process, 75 agents produce much stronger magnetic
susceptibility, affecting a larger number of water molecules
and thus, yield higher sensitivity of detection. Transverse
relaxation results in signal loss (negative contrast) in
T,-weighted images.

Superparamagnetic iron oxide (SPIO or Fe;O4) nano-
particles are the most commonly used 7, contrast agents in
clinics. Several different formulations (trade names Feridex
IV, Resovist, and Lumirem) are clinically used for liver or GI
tract imaging.®® Their applications in cancer molecular
imaging are limited due to the high polydispersity of SPIO
nanoparticles, low relaxation rates and lack of specificity
in vivo. Recently, much attention has been devoted to the
development of structurally well-defined superparamagnetic
nanoparticles with high magnetization, and hence high r,
values. Sun et al. first reported the organic synthesis of
monodispersed MFe,04 (M = Fe?*, Co*", Mn?") nano-
particles.®> The diameter of these nanoparticles can be fine
tuned from 4 to 20 nm. Cheon and coworkers showed that by
substituting a high spin d> Mn>" ion for d® Fe>" in the spinel
structure, MnFe,O,4 achieved higher magnetization and more
sensitive MRI detection over Fe;O, nanoparticles.®® Our
laboratory recently reported that zinc-doped ferrite nano-
crystals (Zn,Fe;_,O4, x <0.5) enhanced magnetization by
2.5 times over Fe;O4 nanoparticles of similar size, which
resulted in a significant increase in 7, relaxivity and MRI
detection sensitivity.®” Other metal alloy nanoparticles
(e.g. FeCo,%® FePt,%""° middle panel in Fig. 3) have also been
synthesized with strong magnetization properties. For example,
the 7 nm FeCo nanocrystals exhibit M at 215 emu g~' with
superb r; and r, relaxivities.®” One of the major considerations

This journal is © The Royal Society of Chemistry 2009
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for the use of novel magnetic nanoparticles is to ensure that
the metal compositions and their degradation products do not
result in both acute and chronic toxicity.

2.2.3 CEST agents. In recent years, a new contrast
mechanism based on chemical exchange saturation transfer
(CEST) has been reported.”! CEST MRI makes use of the
chemical exchange phenomena between bulk water protons
(0 = 4.78 ppm) and exchangeable protons with a different
chemical shift.”> To illustrate the CEST mechanism
(right panel, Fig. 2), bulk water protons are considered as
pool A and exchangeable protons on MR contrast agents
as pool B. A proton from each pool exchanges reversibly and
is governed by forward and reverse exchange rates k; and k»,
respectively. When water protons in pool B are irradiated
with a saturation pulse, their net magnetization will become
zero and hence, generate no NMR signal (red curve). Due to
chemical exchange, a saturation transfer from pool B to
pool A takes place causing a decrease in NMR signal
of bulk water protons in pool A. Longitudinal relaxation of
the protons returns both systems to their equilibrium
or steady state. The steady-state intensity (M 4../M 49) of
protons in pool A is expressed in eqn (5), where T, is the
longitudinal relaxation time of water protons in pool B.”* In
MRI, CEST images are the result of signal losses and appear
darkened as compared to images acquired without a
pre-saturation RF pulse. Given that CEST contrast can be
turned “on” and “off” under otherwise identical imaging
conditions, the contrast images can provide a much improved
detection accuracy of CEST agents. Several studies reported
CEST imaging of biological molecules such as glycogen,” an
endogenous lysine-rich protein (LRP) as a reporter gene,”* and
proteins and peptides.”> CEST imaging was also applied to
MRI of a hyperpolarized Xe noble gas.”®”’ These CEST
probes are classified as DIACEST because of their
diamagnetic nature.”®

Mo 1

= 5
My 1+kTip ®)

CEST imaging can also be applied to paramagnetic metal
chelates that result in PARACEST agents (right panel,
Fig. 3).” Gd>" complexes are not good PARACEST agents
because Gd** ions are isotropic and are not chemical shift
agents. Other metal ions in the lanthanide family are better
candidates because of their anisotropic distribution of
electrons in the f orbitals creating a large chemical shift
difference between bound water (pool B) and bulk water
(pool A).?® Europium(ii) DOTA(glycine ethyl ester), was first
tested for PARACEST imaging by Zhang e al.”® The protons
of bound water molecules appeared at about + 50 ppm away
from bulk water protons. Complexes of Tm*" and Dy*"
were able to shift the bound water peaks to +500 ppm
and —720 ppm, respectively.®® The full list of lanthanide metal
complexes for PARACEST imaging can be found in a
comprehensive review by Zhang et al.®' Exchange rates of
water molecules can be fine-tuned by chemical modifications
of the chelating agents. Compared to CEST agents based on
organic functional groups (e.g. amide, urea), PARACEST
agents provide larger chemical shifts that allow for faster

exchange rates to increase imaging sensitivity. Various
PARACEST agents have been eclegantly developed as
environmentally sensitive probes to detect pH and cancer-
specific enzymes.®!-8?

Recently, Aime and coworkers reported the development of
LIPOCEST agents based on liposomes with encapsulation of
lanthanide agents (e.g. Tm-DOTMA).®* In this design, the
encapsulated Ln complex exhibits fast water exchange and
therefore is not a PARACEST agent by itself. However, it
shifts the intra-liposomal water peak away from the bulk
water peak, which can be used as an antenna to initiate the
CEST effect. In this case, water exchange is not determined by
the characteristics of the Ln agent, but rather the water
permeability of the liposomal bilayer. Using the intra-
liposomal water resonance as the antenna for RF excitation,
a significant CEST effect was detected at LIPOCEST
concentrations of ~90 pM. This ultra-sensitivity and the
potential of establishing multi-chromatic detection of
LIPOCEST particles make them exciting candidates as
“multi-colored” MR probes for molecular diagnosis of cancer
(see section 3).

2.3. Polymeric nanocarriers

Nanocarriers serve as vehicles that can carry drugs and/or
MRI contrast agents and transport them to tumor sites. The
size of nanocarriers usually ranges from 10-200 nm to avoid
rapid kidney secretion (< 10 nm) or reticuloendothelial system
(RES) filtration elimination (>200 nm).®* Nanocarriers
consist of either naturally occurring macromolecules such as
chitosan®® or synthetic macromolecules such as pegylated
phospholipids.?” Biocompatibility and biodegradability are
essential criteria for the clinical use of these platforms. Several
inorganic nanocarriers such as silica-based nanoparticles>-*°
and zeolites®® have been investigated. However, questions
regarding their biocompatibility and biodegradability have
often surfaced and have hindered the clinical translation of
these materials.

In this article, we will discuss polymeric nanocarriers
that are categorized based on three drug-incorporation
mechanisms (Fig. 4). The first includes polymeric carriers that
use covalent chemistry for direct drug conjugation. This group
can be further categorized into linear polymers, hyper-
branched polymers, and dendrimers. The second group of
nanocarriers involves hydrophobic interactions between the
drugs and nanocarriers. This group includes polymeric
micelles from amphiphilic block copolymers. Nanocarriers in
the final group offer a water-filled depot for hydrophilic drug
encapsulation. Liposomes and polymersomes are the main
examples of this group. This section will give a general
overview of each group with specific examples that are being
explored for cancer imaging and therapy.

2.3.1 Polymer—drug conjugates. The use of polymers as
carriers dates back to the 1950s when Jatzkewitz reported
N-vinylpyrrolidine conjugates of glycyl-L-leucine-mescaline as
a drug depot.®® Since then, there has been an enormous
increase in research involving polymeric therapeutics for
cancer therapy. Anticancer drugs are oftentimes covalently
conjugated to polymeric carriers. The choice of polymers for

3502 | Chem. Commun., 2009, 3497-3510
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Polymer conjugates and dendrimers
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Fig. 4 Schematic illustration of chemical structures of representative polymer conjugates and dendrimers (/eft), polymeric micelles (fop right), and

liposomes and polymersomes (bottom right).

drug conjugation is very critical. Generally, they are water-
soluble polymers with available functional groups for covalent
attachment of the drugs. The simplest form of polymer—drug
conjugates is the attachment of poly(ethylene glycol) or PEG
to drugs, a process known as pegylation. A number of protein
therapeutics were modified by PEG to improve the proteins’
solubility and reduce immunogenicity.®>°° Several challenges
in pegylation of proteins include possibilities of crosslinking
the proteins, alteration of protein charges as a result of
chemical transformations, and a loss in bioactivity of the
proteins.>> Currently, numerous pegylated proteins are used
in the clinical treatment of cancer. For example, SMANCS
was approved for treatment of hepatocellular carcinoma in
Japan in 1993 and PEG-L-asparaginase (ONCASPAR) is
used to treat acute lymphoblastic leukemia.”' In addition to
pegylation of proteins, small molecular drugs were also pegy-
lated as a way to improve their pharmacokinetics for cancer
therapy. For example, PEG-camptothecin (PROTHECAN)
recently entered clinical trials for cancer therapy.”>
Conjugation of small molecular drugs to polymers can
improve their pharmacokinetics and tumor accumulation.®®
The most common polymeric system for delivering small
molecular drugs is N-(2-hydroxypropyl)methacrylamide
(HPMA). HPMA was first developed by Kopecek and
coworkers as a plasma expander.®* Since then, a variety of
HPMA-drug conjugates have been synthesized and tested.
Early collaborative works from two pioneers in HPMA—drug

conjugates, Kopecek and Duncan, led to two doxorubicin-
based formulations that entered clinical testing for cancer
therapy.”*°® They reported an increase of four to five fold of
the maximum tolerated dose (MTD = 320 mg m 2) of
the conjugates compared to that of free doxorubicin.
Additionally, an increased blood circulation half-life was also
observed over the free drug. Phase I/II clinical trials of
HPMA copolymer-Gly-Phe-Leu-Gly-doxorubicin containing
galactosamine (PK2; FCE28069) showed an increased MTD
to 160 mg m~2.°® More recently, other small molecular drugs
such as paclitaxel®” and camptothecin®® have been conjugated
to HPMA.

Non-linear polymers, especially dendrimers, are also
of great interest for drug delivery. Dendrimers were first
synthesized in the late 1970s. They are well defined
hyperbranched macromolecules with very narrow poly-
dispersity and a high density of functional groups.'® Anti-
cancer drugs were generally covalently attached to the branches
of dendrimers. Lai ef al. reported a conjugation of doxorubicin
to polyamidoamine (PAMAM) dendrimers via pH-sensitive
linkers.'°! The dendrimers showed improved toxicity in
human oral squamous cell carcinoma (Ca9-22). Minko and
coworkers covalently conjugated paclitaxel with PAMAM G4
hydroxyl-terminated dendrimer.'”®> They compared the
toxicity of the drug—dendrimer conjugates in A2780 human
ovarian carcinoma cells. The dendrimer—drug conjugates
were reported to increase cytotoxicity by 10-fold compared
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to non-conjugated drug. Several other research groups also
reported drug-conjugated dendrimers and their cell-killing
effects. 03104

In addition to therapeutic drug delivery, a similar polymer
conjugate strategy was applied to the development of polymer-
based MR contrast agents for cancer diagnosis. Lu and
coworkers have extensively investigated the development of
HPMA and poly(glutamic acid) (PGA) as polymer conjugates
for T} MRI contrast agents.'®> Both MR imaging agents and
anticancer drugs were integrated into the same PGA-
based polymer platform as multifunctional nanocomposite
particles.'°1%7 In another study, they reported that HPMA
conjugates with higher molecular weight had prolonged blood
circulation half-lives and led to higher tumor accumulation.'%®
A polymer conjugate containing a PARACEST agent,
Eu®"-complex, has recently been reported by Sherry and
coworkers with improved imaging sensitivity.'?

A large number of dendrimers conjugated to 7, agents
have been reported.!'® 2 Kobayashi e al. have extensively
investigated the use of dendrimeric MRI agents for blood pool
imaging and lymphangiography.''®> The attachment of
PARACEST agents to dendrimers has not been widely
investigated. In 2007, Pikkemaat et al. described the synthesis
of Yb(i)-DOTAM-functionalized poly(propylene imine)
dendrimers and used them for pH mapping.''*

2.3.2 Polymeric micelles. Polymeric micelles offer another
potential platform for the delivery of anticancer drugs and
MRI contrast agents. Micelles are nanoscopic core—shell
particles composed of amphiphilic block copolymers (Fig. 4).
Micelle cores are hydrophobic and can serve as a natural
carrier for hydrophobic drugs, imaging agents, or both in the
same particle. Hydrophobic polymers such as poly(p,L-lactic
acid) (PLA) and poly(e-caprolactone) (PCL) are typically used
to form micelle cores. The shells of the micelles are mostly
PEG-based polymers that solubilize the particles and improve
their pharmacokinetics. A number of excellent comprehensive
review articles concerning polymeric micelles for cancer drug
delivery are available.!>!">!1® Generally, small molecular
drugs are loaded into micelles through non-covalent hydro-
phobic interactions. Kataoka and coworkers reported
covalent conjugation of doxorubicin with the carboxylic acid
groups of poly(ethylene glycol)-poly(L-aspartic acid) to
increase drug loading in the micelles.'!” Since then, they have
expanded their interest to other anticancer drugs such as
cisplatin,''® paclitaxel,*> and plasmid DNA.'"®

In addition to diblock copolymers (e.g. PEG-PLA,
PEG-PCL), triblock copolymers such as Pluronic®
(PEO-PPO-PEO) are also used as micelle carriers. A number
of pluronic polymers with different PEO and PPO lengths are
available. Kabanov and coworkers have developed Pluronic®
micelles for doxorubicin delivery and reported its ability to
overcome multidrug resistance in various cancer models.'*

For MRI applications, we recently reported SPIO-loaded
polymeric micelles as ultra-sensitive MR probes.!¢7:12!
Hydrophobic SPIO nanoparticles were encapsulated inside
micelle cores forming highly stable MRI contrast agents.
Additionally, an increased transverse relaxivity was observed
by increasing the number of SPIO nanoparticles in a micelle.

Recently, Nakamura et al. designed poly(ethylene glycol)-
poly(L-aspartic acid) micelles as smart T} contrast agents.'?
DTPA chelating ligands were conjugated to aspartic acid in
the copolymer. Once the Gd-bound polymer formed micelles
in the presence of a cationic polymer, the 7 relaxivity was
significantly decreased due to the lack of water access. The
authors proposed that the intact micelles can passively target
tumors and a positive contrast can be observed when micelles
dissociate inside tumors.

2.3.3 Liposomes and polymersomes. Liposomes and poly-
mersomes are vesicular nanostructures that are self-assembled
from amphiphilic phospholipids and block copolymers,
respectively.!?1>* As a result of their inner hydrophilic
compartment, these nanostructures are more suitable for
delivery of water-soluble agents such as therapeutic proteins
or DNAs. Poorly soluble drugs can be entrapped within the
hydrophobic bilayer membrane, but the loading capacity is
limited due to membrane destabilization effects and may result
in unstable structures.'?

Among all the nanomedicine platforms, liposomes have
demonstrated the most clinical success, with several
FDA-approved formulations for cancer treatment.'!?*
Stealth liposomes, where hydrophilic polymers such as PEG
have been conjugated on the liposomal surface, considerably
prolonged blood circulation times. Effective passive targeting
to solid tumors through the EPR effect has been noted in
numerous studies.!?® Successful liposomes include the
clinically approved doxorubicin-containing PEG-liposomes
(Doxil®/Caelyx®). These clinical successes make liposomes a
very attractive platform for multifunctional nanomedicine
development.

Compared to therapeutic delivery, the use of liposomes for
the delivery of MRI contrast agents is less advanced clinically
but nonetheless an area of active research. Initially, Gd-metal
complexes were encapsulated inside the aqueous compartment
of the liposome. Unger et al. reported the use of Gd-DTPA-
loaded liposomes for MR imaging of hepatic metastases.'?’
They have shown that the liposomes significantly enhanced
MRI contrast of the tumors compared to background signal
from the liver. Nonencapsulated Gd-DTPA failed to produce
a visible contrast between tumors and liver. In a separate
study, Allen and coworkers developed liposomes that contain
both gadolinium complex and iohexol.'?® The resulting
nanoparticles showed both MRI and CT sensitivities as a
multimodal imaging agent. Recently, Aime and coworkers
reported the development of liposomes with encapsulation of
lanthanide agents (e.g. Tm-DOTMA) as CEST probes for
molecular imaging applications. >3

3. Integrated nanocomposite particles

All the components of nanocomposite particles have been
discussed based on their roles in cancer imaging and drug
delivery. Integration of these components into one nano-
medicine platform has the potential to achieve both diagnostic
information and therapeutic treatment. Here we provide a few
highlighted examples of different types of multifunctional
nanomedicine.
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Fig. 5 (a) Chemical structure of PEG-PGA-(Gd-DO3A)-Mce6. (b) Signal intensity ratio (SI ratio = SNR;osinj/SNR e inj) in tumors as a
function of time for MRI-sensitive polymer conjugates. (c) Antitumor efficacy of photodynamic therapy in MDA-MB-231 xenograft-bearing mice.
(d) Spin-echo images of mice treated with PEG-PGA-(Gd-DO3A)-Mce6 before (i) and at 18 h after (ii) injection. (e) Representative maps of
vascular flow leakage rate in tumor-bearing mice after injection of PEG-PGA-(Gd-DO3A)-Mce6 (i), and PGA-(Gd-DO3A) (ii). Reproduced with

permission from ref. 106.

Paramagnetic macromolecular conjugates

As described previously, polymer conjugates represent one of
the most extensively studied nanocarriers.’>>*13! More
recently, polymer conjugates have been investigated in
diagnostic imaging applications, including PET, CT, and
MRI. 108113132133 1 yy and coworkers reported an integration
of therapeutic and diagnostic functionalities in a polymer
conjugate system.'*'%7 In these studies, poly(L-glutamic acid)
(PGA) was used as the polymer carrier, and a 7 agent
(Gd-DO3A) and mesochlorin e6 (Mce6), a photosensitizer,
were incorporated for MR imaging and photodynamic
therapy (PDT), respectively (Fig. 5a). PGA-(Gd-DO3A) was
also tested as a control for MRI sensitivity without the PDT
activity. The pharmacokinetics of the polymer conjugates were
investigated in MDA-MB-231 breast tumor xenografts using
T,-weighted MRI. Data show that pegylated polymer
conjugates (PEG-PGA-(Gd-DO3A)-Mce6) had prolonged
blood circulation half-lives and lower liver uptake than non-
pegylated conjugate platforms (PGA-(Gd-DO3A)-Mce6).
MRI images of a tumor treated with PEG-PGA-
(Gd-DO3A)-Mce6 before and after the injection showed con-
trast enhancement (Fig. 5d). Quantitative image analysis was
able to show that PEG-PGA-(Gd-DO3A)-Mce6 had higher
tumor accumulation than its non-pegylated counterparts
(Fig. 5b). Based on this information, MRI-guided photo-
dynamic therapy was performed on tumor-bearing mice.
Efficacious response in tumors treated with PEG-PGA-
(Gd-DO3A)-Mce6 was observed where the tumor size
decreased in the first 30 days following treatment (Fig. 5c).
In comparison, tumors treated with PGA-(Gd-DO3A)-Mce6
and PGA-(Gd-DO3A) showed much less response with tumor
size increasing over time.

In addition to using MRI information to guide PDT
therapy, the authors also applied dynamic contrast enhance-
ment (DCE) MRI to monitor the treatment response.
DCE-MRI has been widely used to study tumor perfusion

properties in diagnostic radiology, in particular monitoring of
anti-angiogenic therapy of tumors."**'*3 Using the same
MRI-sensitive polymer conjugates, the authors showed that
tumors treated with PEG-PGA-(Gd-DO3A)-Mce6 had
reduced vascular permeability compared to those treated with
the other two agents (Fig. 5e). These results were further
validated by decreased microvessel density from histological
analysis. This study represents an elegant design of a
multifunctional polymer conjugate system that allows for
MRI-guided PDT therapy and post-therapy assessment of
PDT efficacy in one platform.

Superparamagnetic nanocomposite particles

Compared to paramagnetic chelates (e.g. Gd-DTPA), super-
paramagnetic nanoparticles (e.g. Fe;Oy4) can create substantial
disturbances in the local magnetic field leading to a rapid
dephasing of protons and higher sensitivity for MR detection
(Fig. 2). The increased sensitivity allowed for molecular
imaging of cancer-specific markers such as transferrin,'*
folate!*” and Her-2/neu."*®'*° For multifunctional nano-
medicine development, simultaneous incorporation of SPIO
agents and drug molecules in nanocomposite particles is a
challenging task due to the requirement of materials compat-
ibility among the different components.

Different approaches have been explored for the develop-
ment of superparamagnetic nanocomposite particles.
Recently, Jon and coworkers reported the development of
drug-loaded superparamagnetic iron oxide nanoparticles.'*
The nanocomposites were prepared by first thermally cross-
linking the polymer shell of the SPIO nanoparticles. This
was achieved by wusing poly-3-(trimethoxysilyl)propyl
methacrylate-r-PEG methyl ether methacrylate-r-N-acryloxy-
succinimide. Upon heating, the trimethoxysilyl segment
crosslinked to form a stable layer protecting the Fe;O04 nano-
particle core. The carboxylic acid groups from the acryloxyl
segment were present at the surface of the crosslinked SPIO
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Fig. 6 (a) Schematic preparation of DOX-SPIO nanoparticles.
(b) T,-w MR images of LLC tumor-bearing mice before and 4.5 h
after the DOX-SPIO injection. (c) Images of excised tumors from the
mice 19 days after treatment. (d) Tumor—volume relationship of
LLC tumors for different treatment groups (*P <0.005, **P <0.01,
n = 5-7). Reproduced with permission from ref. 140.

nanoparticles providing a negatively charged electrostatic site
for incorporation of doxorubicin (DOX), a positively charged
anticancer drug (Fig. 6a). A 2 wt% drug loading was achieved.
Drug release was shown to be pH-dependent where 60% of
drug was released within 1 h at pH 5.1 while it took 4 h for the
comparable amount to be released at pH 7.4. MRI of the
particles was evaluated using Lewis lung carcinoma (LLC)
tumor-bearing mice. T>-w MR images were taken before and
4.5 h after the injection (Fig. 6b). The images showed a
darkened image contrast indicating tumor accumulation of
DOX-SPIO nanoparticles. Antitumor efficacy studies in LLC
tumor-bearing mice showed 38% tumor growth inhibition
compared to control groups (Fig. 6d), as supported by pictures
of excised tumors 19 days after treatment (Fig. 6c¢).

In a different approach, our laboratory established a poly-
meric micelle platform for the delivery of anticancer drugs and
SPIO agents (Fig. 7a).?' Amphiphilic block copolymers
(e.g., poly(ethylene glycol)-poly(p,L-lactic acid), PEG-PLA)
were used to form core—shell nanoparticles. Hydrophobic
SPIO nanoparticles and DOX were loaded inside the hydro-
phobic core of micelles (Fig. 7b—). Previous studies have
shown that a high loading of SPIO, up to 50 wt% of micelles,
can be achieved, and furthermore, SPIO clustering led to
considerable enhancement of T, relaxivity on a per Fe basis
over single SPIO micelles.'*! In addition, DOX loading was
increased from 3 to 12 wt% when SPIO was introduced,
demonstrating synergy in loading both agents in the same
micelle core. To achieve cancer targeting functionality, the
surface of micelles was functionalized with a cyclic RGDfK
pentapeptide (cCRGD) to target o, 5 integrin receptors that are
over-expressed in the tumor vasculature.'#!"14?

Antitumor efficacy and MR imaging studies were carried
out in subcutaneous A549 human lung tumor-bearing mice
(Fig. 7d).""° cRGD-encoded micelles via intravenous
administration (4 mg DOX/kg dose) showed a significant
tumor growth inhibition compared to non-cRGD micelles at
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Fig. 7 (a) Schematic of a multifunctional polymeric micelle with
cRGD surface functionalization and DOX and SPIO loading. (b, c)
TEM images of cRGD-encoded and cRGD-free micelles showing the
clusters of SPIO nanoparticles in the micelle core. The insets are
corresponding cryo-TEM images. (d) Tumor growth inhibition for
different micelle groups in A549 human lung tumor-bearing mice.
(e) Off-resonance saturation MR images of A549 tumors treated with
cRGD-encoded and cRGD-free micelles respectively. Reproduced
with permission from ref. 21.

the same DOX dose. This was primarily due to the
oyPs-targeted accumulation of cRGD-micelles as demon-
strated by MRI (Fig. 7e). Conventionally, a 7,*-weighted
method serves as the gold standard for SPIO imaging.
However, this method is prone to image artifacts due to
magnetic susceptibility effects from SPIO and tissue interfaces.
Recently, we reported the use of an off-resonance saturation
(ORS) method to improve the detection accuracy of SPIO
particles.'* The ORS method allows for the turning “on” and
“off” of SPIO contrast by the application of an RF pulse,
which can significantly improve image accuracy. For example,
one hour after micelle injection, ORS images showed a clear
accumulation of cRGD-encoded micelles in A549 tumors
(top panel, Fig. 7e¢). In comparison, less ORS contrast was
observed with cRGD-free micelles. Quantitative image
analysis indicated that contrast over noise ratio (CNR) of
the tumor was almost twice as much for cRGD-encoded
micelles over cRGD-free micelles. Prussian blue staining of
Fe in tumor tissues showed micelles closely associated with
oyB3 expressing tumor vasculature for cRGD-encoded
micelles. In contrast, cRGD-free SPPM showed accumulation
in the tumor parenchyma in a diffusive pattern, consistent with
passive targeting of SPPM to solid tumors through the EPR
effect.

The above studies demonstrate the “theranostic” potential
of superparamagnetic nanocomposite particles. Tumor
accumulation of SPIO-loaded nanoparticles can be non-
invasively measured by MR imaging and these data correlate
well with the therapeutic response of these nanoparticles in
preclinical animal tumor models. Potentially, the proposed
platform can be used to provide an initial pharmacokinetic
assessment of the tumor targeting efficiency of nanoparticles,
as well as a quick surrogate marker for subsequent therapeutic
responses. In addition, resistance to treatment (e.g. down
regulation of targeted receptors) can also be monitored
with repeated applications, which can be used to adjust the
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treatment regimen (e.g. using a different targeting ligand) to
overcome resistance while minimizing toxic side effects.

Multi-chromatic CEST nanoparticles

Liposomes are one of the most established nanoplatforms with
several formulations (e.g. Doxil®) already in clinical use for
cancer treatment. Their proven safety and biocompatibility
make them attractive for the development of multifunctional
nanomedicine.

Aime and coworkers have recently reported the develop-
ment of LIPOCEST agents by encapsulating lanthanide
complexes inside the aqueous compartment of liposomes
(Fig. 8a, see also section 2.2).8%12%130 Encapsulation of a fast
exchanging lanthanide complex was able to induce a change in
the chemical shift of intra-liposomal water, which became
exchangeable protons for CEST imaging (pool B as in Fig. 2
right panel). Since 10°-10° mobile water protons can be
trapped inside each liposome (50-200 nm in diameter), this
large pool of water protons results in a significantly increased
sensitivity for MRI detection. In a representative LIPOCEST
system where ~100 mM of TmDOTMA™ was entrapped in
liposomes from a mixture of POPC : DPPG : cholesterol
(55 : 5 : 40 w/w/w) lipids, Aime and coworkers demonstrate
detection of LIPOCEST particles at 90 pM of concentration
(Fig. 8b).2* In addition to ultrasensitivity, the other exciting
feature of LIPOCEST agents is their multi-chromatic
properties. In this regard, the chemical shift of intra-liposomal
water protons can be controlled by varying the type of
lanthanide ions (Fig. 8c), type of chelating ligands (Fig. 8d)
and/or concentration of Ln complexes. Thus, a variety of
LIPOCEST agents can be prepared where each LIPOCEST
particle can be activated by an appropriate water frequency,
which will lead to a collection of “multi-colored” MRI

DyDOTMA
DyDOTA
DyHPDDO3A
DyDTPA
TmDOTMA
TmDOTA
TmHPDO3A
TmDTPA

s 0 05 0 05 10 3 &= a4 0 1 2 3
lanthanide inducedd shift for water protons - ppm lanthanide inducedd shift for water protons - ppm
Fig. 8 (a) Schematic of a liposome filled with a water shift reagent,
[Tm(DOTMA)]. Water exchange rate across the liposomal membrane
is the key determinant factor for a LIPOCEST effect. (b) '"H NMR and
Z-spectrum of [Tm(DOTMA)] LIPOCEST agent. (c¢) Lanthanide
induced shift for water protons in 100 mM aqueous solution of
[Ln-DTPAJ*~ complexes, and (d) influence of chelating ligands on
lanthanide induced shift. Reproduced with permission from refs. 60,

72 and 83.

contrast agents. Potentially, each LIPOCEST probe can be
encoded with a cancer-specific ligand (monoclonal antibodies
or phage peptides) to produce a library of molecular probes
that allow for simultaneous ‘“‘fingerprinting” of different
phenotypes of cancer. The LIPOCEST composition that
provides the best match for tumors can be functionalized with
therapeutic agents to deliver targeted therapy of cancer.
Although still at an early stage, this multi-chromatic feature
and integrated therapeutic design of LIPOCEST particles have
the potential to achieve personalized medicine to improve the
safety and efficacy of cancer chemotherapy.

4. Conclusions

Multifunctional nanomedicine is a rapidly evolving field for
cancer imaging and intervention. Significant advances in
cancer biology, materials science, and imaging technology
now make it possible to apply the integrated design principles
to address the formidable challenges presented by cancer
therapy. Multi-component nanomedicine with modular
designs that can be personalized to individual patients and
deliver therapy based on diagnostic information represents a
new tool to combat cancer. Despite the therapeutic promise,
many scientific and technological challenges still remain. For
example, fundamental understanding of the molecular inter-
actions among therapeutic drugs, MR contrast agents, and
polymer carriers at the nanoscale will be critical for the
assembly of these components into efficacious nanocomposite
particles. The influence of one structural component on the
performance of the others must be carefully investigated
to ensure synergy in the integrated design. This will be
particularly true for MRI functionalities to achieve adequate
imaging sensitivity for cancer-specific diagnosis. A mechanistic
understanding of the subtle relaxation behaviors and their
dependence on nanostructural parameters will be essential to
guide the incorporation strategies of different types of MRI
contrast agents. In addition to the highlighted examples in the
current Feature Article, more and more nanocomposite
particles with integration of multiple functionalities will
emerge to address the challenges of tumor heterogeneity and
adaptive resistance in cancer therapy. Ultimately, successful
development of these ‘‘nanotheranostics” may one day
provide us with magic bullets for cancer therapy.
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