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Abstract
Magnetic nanoparticles have become important tools for the imaging of prevalent diseases, such as
cancer, atherosclerosis, diabetes, and others. While first generation nanoparticles were fairly
nonspecific, newer generations have been targeted to specific cell types and molecular targets via
affinity ligands. Commonly, these ligands emerge from phage or small molecule screens, or are based
on antibodies or aptamers. Secondary reporters and combined therapeutic molecules have further
opened potential clinical applications of these materials. This review summarizes some of the recent
biomedical applications of these newer magnetic nanomaterials.

Keywords
Iron oxide; magnetic nanoparticles; peptide targeting; small molecule targeting; molecular imaging;
cancer; atherosclerosis; theranostic

1. Introduction
Nanotechnology plays an increasing role in molecular diagnostics, in vivo imaging, and
improved treatment of disease. The usefulness of nanoparticles is mainly derived from their
small size, large surface area, and kinetics for in vivo drug delivery [1].The ability to
functionalize the surface with targeting ligands, as well as imaging and therapeutic moieties
also allows for the creation of multimodal, multifunctional nanoagents. Metal oxides, in
particular iron oxide, have been used since the early 60’s for magnetic separations. In 1978,
Ogushi established that magnetic nanoparticles have the ability to shorten the T2 relaxation
times of water, and shortly thereafter, were used for magnetic resonance imaging [2].Over the
course of the past two decades, numerous nanoparticulate iron oxide preparations have been
reported, and used in cellular therapy, tissue repair, drug delivery, hyperthermia [3,4], magnetic
resonance imaging (MRI) [5–7], as spoilers for magnetic resonance spectroscopy[8], for
magnetic separation [9], and more recently as sensors for metabolites and other biomolecules
[10–12]. Recent research has focused on the targeted delivery of iron oxide nanoparticles to
sites of interest, and has been accomplished with peptides, antibodies, and small molecules.
Herein, we will review the synthesis and functionalization of iron oxide nanoparticles, and
explore their utility in cancer and cardiovascular applications.
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1.1. Biocompatible, coating-stabilized magnetic nanoparticles
Magnetic nanoparticles, in particular iron oxides, have been synthesized in either aqueous or
organic phases. In order to impart stability and ensure nontoxicity under physiological
conditions, as well as to allow for functionalization and targeting, these materials require
sophisticated coatings [13]. Ideally, coating materials will have a high affinity for the iron oxide
core, and be nonimmunogenic, nonantigenic, and prevent opsonization by plasma proteins.
While the synthesis of particles at high temperatures in organic solvents allows for better
control of particles size and morphology [14,15], the particles must be transferred to aqueous
solutions for biological applications. Aqueous synthesis of iron oxide nanoparticles, on the
other hand, usually involves the neutralization of acidic iron salts in the presence of a coating
material [16]. Coatings have included lipids [17,18], liposomes [19,20], proteins [21,22],
dendrimers [23], polyethylene glycol [24], polyacrylamide [25], polysaccharides [26,27], and
bisphosphonates [28]. Most clinical preparations (Ferridex®, Combidex®, Resovist®, and
AMI-228/ferumoxytrol) have been based upon dextran or similar carbohydrate coatings, partly
due to their previous use as plasma expanders, and also their innate affinity for iron oxide [5–
7,29–35], although one recent preparation has described the use of citrate-stabilized particles
[36].

Dextran-coated iron oxide nanoparticles have become an important part of clinical cancer
imaging, and have been shown to increase the accuracy of cancer nodal staging [37–39].These
particles have also been utilized to better delineate primary tumors [40], image angiogenesis
[41], and detect metasteses [42,43]. Additionally, these particles have been used to image the
inflammatory components of atherosclerosis [44]. Modification of dextranated iron oxide with
targeting ligands, such as antibodies [45], has also been accomplished, in hopes of increasing
the affinity of the nanoparticles for their target tissues. One of the main drawbacks is that the
dextran coating is in equilibrium with the surrounding medium, as it is not strongly associated
with the iron oxide core.

One of the greatly enabling modifications made to dextran coated iron oxide nanoparticles has
been the crosslinking (caging) of the dextran and its amination [16]. The resulting particle,
CLIO (cross-linked iron oxide), allows for facile functionalization via amide bond formation.
It also offers superb stability under harsh conditions without a change in size, blood half-life,
or loss of its dextran coat. CLIO has served as an ideal model compound for many experimental
applications but is unlikely to be developed for clinical use, given the epichlorohydrin-induced
crosslinking, similar to Sephadex particles. In order to circumvent this, magnetic nanoparticle
preparations with biodegradable, high-affinity coatings are currently in development by us and
others.

1.2. Multifunctionality
The localization of nanoparticles to sites of interest is often accomplished via conjugation of
targeting moieties (peptides, antibodies, aptamers, small molecules) to the particle surface.
Due to the high surface area to volume ratio of nanoparticles, many copies of the ligands can
be attached. This multivalent targeting makes use of the fact that multiple copies of receptors
are expressed on the cell surface. If one particle is able to bind to more than one receptor, the
binding affinity of the particles for the cell increases dramatically [46]. The utility of these
targeted particles further increases with the addition of other ligands, such as imaging and
therapeutic moieties. When the nanoparticles are functionalized with more than one type of
ligand, they are termed multifunctional. A number of multifunctional nanoparticulate
preparations are described in sections 4 and 5 of this review. Often, they are peptide-targeted
magnetic particles bearing fluorescent dyes or radionuclides, but can also include ligands for
therapy, such as near infrared light activated therapeutic agents (NILAT, section 5). Finally,
multimodal nanoparticles bear complementary imaging moieties, which allow for the
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investigation of the particle localization across a number of platforms, such as magnetic
resonance, optical, or nuclear imaging.

2. Chemistry of surface modification
The conjugation of ligands to nanoparticles requires diverse chemistries. Below, we describe
two common approaches used in the attachment of these ligands.

2.1. Conventional bioconjugation strategies
The surface of nanoparticles may be coated with a number different functionalities, depending
upon the coating material and the reactive groups present on the targeting ligand. Most
commonly, amines or carboxylic acids are present on the nanoparticle surface for reaction with
ligands. These groups are readily interchangeable (figure 1). Reaction of amine-functionalized
particles with succinic anhydride or glutaric anhydride, converts the surface to carboxylates,
whereas the activation of carboxylic acid functionalized particles with 1-ethyl-3-
(dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) or N-
hydroxysulfosuccinimide (sulfo-NHS) followed by reaction with a diamine results in amine-
functionalized nanoparticles.

Amine-coated nanoparticles are easily modified by ligands containing NHS-modified
carboxylic acids or isothiocyanates, such as fluorescein isothiocyanate (FITC). Epoxides and
anhydrides can also be directly reacted in sodium bicarbonate buffer at pH 8.6 [47].In order to
functionalize these particles with carboxylic acid containing ligands, the reaction must occur
in the presence of activating agents such as EDC and NHS or sulfo-NHS. Ligands bearing
sulfhydryl groups, such as those present in peptides, antibodies, and oligonucleotides, can also
be appended to the surface of amine-coated particles once the surface is modified with
heterobifunctional linkers such as succinimidyl iodoacetate (SIA), N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP), or succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC). One of the main advantages of utilizing SPDP is that it can be used to
determine the number of reactive amines on the particle, as pyridine-2-thione is released upon
reaction with dithiothreitol (DTT), can be detected spectrophotometrically, and thus
quantitated. Reaction of ligands with SPDP functionalized particles also liberates pyridine-2-
thione, thus allowing the number of conjugated species to be determined.

As opposed to amine-coated nanoparticles, which are readily conjugated to a number of
reactive ligands, carboxylic acid-coated particles require activation prior to conjugation.
Amine containing ligands are typically conjugated to carboxylic acid functionalized particles
in the presence of EDC and sulfo-NHS to yield the corresponding amide. Although fairly
tedious, the reaction of ligands containing hydroxyl groups is also accomplished with the
carboxylic acid coated particles. Initially, the particles must be precipitated from aqueous
solution by addition of acetone, and are then washed thrice with acetone to remove the residual
water. The particles are then suspended in anhydrous dimethylsulfoxide (DMSO) and thionyl
chloride is added in order to form the corresponding acid chloride. Once the activation has
been accomplished, a drop of water is added to the solution to quench the remaining thionyl
chloride, followed by addition of an excess of the alcohol and a base catalyst. In all instances
the purification of the functionalized particles is facilitated by gel filtration.

2.2. Click chemistry
The Huisgen 1,3-dipolar cycloaddition, also known as the “click reaction,” is also highly useful
in the functionalization of iron oxide nanoparticles. These reactions have several advantages
over the above bioconjugations. First, click reaction can occur under relatively mild conditions
in aqueous solutions. These reactions are also highly specific, occur with high yields, and do
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not produce undesirable side products, such as dicyclohexylurea, which is resultant from the
use of the activating agent dicyclohexyl-carbodimide (DCC)[48]. Lastly, triazoles are
biocompatible entities, and are seen in several Food and Drug Administration (FDA) approved
drugs, including Triazolam, which is used to treat insomnia. The Cu(I) catalyzed reaction
between alkyne and azide groups results in the formation of a stable triazole linkage. The
robustness of this technique has been demonstrated with CLIO [49]. CLIO can be
functionalized with azide or alkyne moieties by reaction of carboxylic acid-functionalized
particles with azido propylamine or propargylamine in the presence of activating reagents, such
as EDC and sulfo-NHS in 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 6.0. As
proof-of-principle, several biologically relevant molecules were modified to contain the
corresponding azide or alkyne moiety. The succinimidyl esters of biotin or VivoTag-S 680 (a
near infrared fluorophore), or the isothiocyanate of fluorescein, were directly reacted with azido
propylamine or propargylamine, while ligands containing hydroxyl groups, such as estradiol,
paclitaxel, and Disperse Red 1, were first activated with 1,1’-carbonyldiimidazole (CDI),
followed by reaction with the alkynyl or azido amine. Conjugation reactions between the
functionalized nanoparticles and ligands occurred in aqueous solution at 37 °C for 5–8 hours,
resulting in greater than 90% conversion.

3. Targeting of iron oxide nanoparticles
Table 1 summarizes a number of different ligands and approaches that have recently been
investigated for in vivo targeting of magnetic nanoparticles.

3.1. Peptides as affinity ligands
The identification of peptide ligands has been accomplished mainly via phage screening and
in silico data mining of available electronic resources or databases. Phage display is a technique
which involves the synthesis of libraries of heterogenous bacteriophage, viruses that infect
bacterial cells, by standard recombinant DNA technology, each expressing a different peptide
sequence on its coat. Plate-based phage screens have historically been performed against
immobilized proteins. This technique is advantageous, as the binding partner of the peptide
sequence is already known. After the bound phage is identified, it is expanded and sequenced
to determine the targeting peptide sequence. Unfortunately, the target may not be in its native
state, which may cause the efficacy of the peptide to be decreased in in vivo applications. In
order to circumvent this, cell-based phage screens have been developed.The main advantage
of these systems is that they allow for the targeting of specific cell types with no a priori
knowledge, although specific biomarkers can also be screened for. Cell-based screens can also
be biased towards phage that have been internalized. Peptide sequences identified through this
method are useful in the development of imaging agents, as the agents derived from them are
also internalized by cells, leading to amplification of the signal through accumulation. One
further modification of cell-based phage display is the potential to screen libraries under
modified non-static in vitro conditions, such as flow. This results in phage that are able to bind
more efficaciously in vivo, especially to targets that are expressed in the vasculature, where
sheer stress will cause the dissociation of weakly bound peptides from their targets. Finally,
and most importantly for targeting, in vivo phage screening is increasingly being used. Injection
of phage libraries into model animals followed by harvesting of the desired tissues can identify
phage that are able to traverse the numerous barriers presented in vivo. Recently, phage have
also been explored for direct screening of targets by functionalization with fluorophores or
magnetic nanoparticles.[77] The apparent efficacy of these peptide sequences are presented
below in a number of pertinent examples of targeted imaging and theranostic agents.

Efficacious peptide targeting ligands can also been identified by searches of electronic
resources. While many databases have existed for protein sequences and interactions,
analogous resources for peptides are scarce. In order to facilitate expeditious identification of
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potential targeting peptides, a novel, searchable database, PepBank, has recently been created
by us (http://pepbank.mgh.harvard.edu/). The database currently contains over 20000 peptide
sequences and enjoys a number of simple or advanced search capabilities. This database has
identified prospective peptide sequences by text mining of Medline abstracts, full text PDF
files, and other databases, such as ASPD and Uniprot. One of the main advantages of the
database is that a search for a specific sequence may result in a number of similarities to known
peptides, while one detractor is that the researcher is limited to the sequences that have already
been identified and contained within the database.

3.2. Small molecules as targeting ligands
The modification of the surface of nanoparticles with small molecules as targeting ligands has
recently been described as an alternative targeting strategy, with potential for major biomedical
advances. This is due to the ability to functionalize the particle surface with an increased
number ligands with limited steric constraints, due to their small size versus peptides and
antibodies. The ability to load more targeting ligands also increases possible multivalent effects
between the particle and its target. The ability to synthesize large numbers of functionally
diverse molecules has been facilitated by advances in diversity-oriented synthesis (DOS). This
has yielded numerous libraries of complex, natural product-like molecules. In tandem with
advances in high-throughput screening and approaches to rapidly functionalize particle
surfaces, preliminary studies have been undertaken to investigate the ability of small molecules
to effect the in vitro and in vivo uptake of nanoparticles.

We have previously synthesized a library of 146 differently functionalized particles, utilizing
FITC-labeled CLIO as a model magnetofluorescent reporter [68]. Small, water soluble
molecules, with molecular weights less than 500 Da and containing reactive amines, alcohols,
carboxylic acids, sulfhydryls or anhydrides were used, excluding those compounds that are
known to bind to proteins, resulting in nanoparticles decorated with up to 60 targeting moieties.
The particles were then screened against a number of cell lines (e.g. human umbilical vein
endothelial cells (HUVEC), resting primary human macrophages, granulocyte macrophage
colony stimulating factor-stimulated primary macrophages, a human macrophage-like cell line
(U937), and human pancreatic ductal adenocarcinoma cells (PaCa-2) to determine whether the
modifications change the affinity of the particles versus the unmodified amino-CLIO (figure
2) One of the main tasks was to determine if the particles could differentiate between closely
related functional states of cells, such as resting and activated macrophages.

Following incubation with the respective particle formulation and washing, the uptake of each
particle was assayed by fluorescence microscopy, flow cytometry, or an immunoassay for
FITC. In general, the amount of cellular uptake was greatly varied (2 – 2,239 fg Fe/cell) within
each cell type and across the different cell types. In particular, two preparations (CLIO-gly and
CLIO-bentri) stood out due to their differing uptake into macrophage subtypes. These particles
were scaled up and tested in a series of activated macrophages. Modification of CLIO with
glycine resulted in nanoparticles which were taken up readily by activate macrophages but not
by resting macrophages. Conversely, bentri-modified particles demonstrated little uptake by
activated macrophages, while demonstrating a high avidity for resting macrophages. The
authors reasoned that these materials may find use in targeting diseases with inflammatory
components, such as atherosclerosis.

4. Examples of multimodal imaging
The following examples of targeted delivery of imaging agents summarize some of the most
recent approaches undertaken by us and others. These examples serve to illustrate the number
of new targets and conjugation strategies that have been utilized.For a more comprehensive
list, see table 1.
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4.1. Molecular imaging in atherosclerosis
4.1.1. Macrophage avid iron oxide nanoparticles—Macrophages are a key component
of atherosclerotic vessels and can constitute up to 10–20% of the cells present within culprit
lesions. In particular, macrophages contribute crucially to all stages of atherogenesis, and are
involved in plaque rupture leading to fatal thrombosis in advanced lesions [78–80]. Due to the
morbidity and mortality associated with atherosclerotic vascular disease, novel methods to
identify and treat inflamed atheromata are needed.

One of the approaches taken to identify suspect lesions has been the use of magnetic
nanoparticles to image macrophages. Clinically, this has been illustrated in our own trials in
the early 90’s and more recently in human carotid atheroma by Trivedi et al. using dextran-
coated iron oxide nanoparticles [44,81]. When the authors injected the nanoparticle preparation
into symptomatic patients with severe internal carotid artery stenosis, areas of signal loss
corresponding to the lesions became evident 24–48 hours post-injection, which was further
corroborated by histology.

The imaging capabilities of these nanomaterials were further extended with the addition of
fluorophores to the particles, allowing for the use of a multitude of optical imaging modalities
alongside the commonly used MR imaging. Jaffer and co-workers have utilized fluorophore-
derived CLIO to investigate its localization within atherosclerotic lesions, and were able to
visualize inflamed plaques both by MR and optical imaging modalities [82,83]. Recently, the
cellular localization of CLIO labeled with both a fluorophore and radionuclide (64Cu) within
these lesions was also investigated (figure 3)[84] Following injection of the nanoparticle
preparation and sacrifice of the animals, the aortas were excised, digested, and characterized
by flow cytometry. Data analysis revealed that about 75% of the nanoparticles within the
atherosclerotic lesions were associated with macrophages, 20% with neutrophils, and the
remainder with endothelial cells, lymphocytes and smooth muscle cells.

4.1.2. Vascular cell adhesion molecule-1—Vascular cell adhesion molecule-1
(VCAM-1) is expressed on activated endothelial cells, macrophages, and smooth muscle cells,
and participates in the initiation of the inflammatory process, as well as the progression of
atherosclerotic lesions. Thus, it serves as a potentially useful imaging target. In one approach,
antibodies have been conjugated to magnetofluorescent nanoparticles [53]. Conjugation of
anti-VCAM-1 or IgG (control) antibodies was accomplished by activation of carboxylic acid
functionalized CLIO with EDC/NHS followed by reaction with the respective antibody to yield
0.87 mg anti-VCAM-1 (~ 3 per particle) and 0.63 mg IgG (~ 2 per particle) per mg of iron.
Once synthesized, the preferential targeting ability of the particles were tested in vitro against
primary cultures of murine heart endothelial cells (MHEC) expressing high levels of VCAM-1,
and murine dermal endothelial cells (MDMEC) with low VCAM-1 expression. Flow cytometry
demonstrated binding of the VCAM-1 targeted particle to the MCEC cells, whereas there was
no binding to the MDMEC cells. The in vivo targeting ability of the conjugate was next tested
in a murine model of inflammation. In this model, one ear of the mouse in injected with tumor
necrosis factor- (TNF- ), which induces a severe local inflammatory response. The opposite
ear remains inflammation free and serves as the control. After injection, the VCAM-1 targeted
particles demonstrated binding on the surface of the vasculature in the TNF- treated ear, with
peak labeling 6 hours post-injection, as determined by intravital fluorescence microscopy
(IVFM). Whereas 24 hours after injection, the signal had grown faint, possibly due to the
dissociation of the particles from the endothelium. A similar VCAM-1 antibody-based
targeting strategy was recently repeated by Choudhury and co-workers using micron sized iron
oxide particles to image inflammation in the brain [85].

Due to the drawbacks experienced in the use of antibody-modified nanoparticles, such as lack
of cellular internalization and limited loading of the surface of the nanoparticle, peptide based
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targeting moieties have been investigated. Using phage display, Kelly et al. have identified
two potentially useful peptide sequences by phage display targeting VCAM-1. The first peptide
was derived from cyclic peptide phage libraries screened against murine cardiac endothelial
cells (MCEC) that express high levels of VCAM-1, and was identified as CVHSPNKKC (VHS)
[54]. In order to impart upon the peptide sequence conjugatable functionalities, a C-terminal
GGSKGC sequence was appended. When fluorescently labeled, the peptide exhibits rapid
internalization by MCECs, versus a scrambled control peptide. When the cells are pre-
incubated with an anti-VCAM-1 antibody, actively blocking the VCAM-1 binding sited,
neither the VHS or control peptides are internalized by the cells. When conjugated to
magnetofluorescent nanoparticles modified with Cy 5.5, the peptide targeted particles
exhibited a 10-fold increase in uptake versus the control particle.

The in vivo targeting ability of the peptide was tested in the TNF- inflammation model. Four
hours after injection of the VHS peptide targeted nanoparticle or the control, only the targeted
agent remained bound to the inflamed vasculature, as observed by intravital fluorescence
microscopy (IVFM). In the control ear, very little accumulation of the particles was observed.
Interestingly, at 24 hours post-injection of the nanoagent, significant signal from the targeted
particles was still observed in the inflamed ear. These observations were further corroborated
histologically. The VCAM-1 targeted nanoagents also demonstrated utility in its ability to
localize atherosclerotic lesions by MRI in apolipoprotein E knockout mice (apoE−/−), which
spontaneously develop atheromata, especially when fed a high fat diet. Following intravenous
injection of the VHS nanoparticle, significant signal decrease was observed in the aortic wall.
This result was not observed in mice injected with an untargeted control nanoparticle, or in
C57BL/6 wild type mice without atherosclerotic lesions.

More recently, Kelly and coworkers have identified a second, linear peptide sequence that
targets VCAM-1 by both in vitro and in vivo phage display [55,56]. The resulting peptide,
VHPKQHR (termed termed VCAM-1 internalizing peptide, VINP, by the authors),
demonstrated a 20-fold increase in binding to MCECs, as compared to the VHS peptide. When
conjugated to a Cy 5.5-labeled nanoparticle, the agent demonstrated excellent uptake in both
the TNF- inflammation model, and in atherosclerotic apoE−/− mice, as the VHS-modified
particles had previously (figure 4). Interestingly, the authors tested the nanoagent against
freshly resected human endarterectomy specimens. The samples were incubated with either
saline or the VINP-labeled nanoparticles for 24 hours, and were investigated with both MRI
and fluorescence imaging. As compared to the control samples, the VINP-particles
demonstrated a marked decrease in T2 signal, as is expected for iron oxide nanoparticles,
whereas fluorescence reflectance imaging revealed a strong fluorescence enhancement from
the targeted particles.

4.2. Molecular imaging in cancer
4.2.1. Hepsin-targeted detection of prostate cancer—In one recent example, Kelly
et al. have demonstrate the utility of imaging hepsin expression in prostate cancer [69]. Hepsin
is a type II transmembrane serine protease that is expressed in precursor lesions, high-grade
prostate intra-epithelial neoplasia, and in hormone-refractory metastatic tumors [86]. To date,
there are no commercially available HPN ligands that are not antibody-based. Thus, phage
screening against PC3 cells stably transfected to overexpress HPN (HPN-PC3) was able to
identify a consensus binding sequence, IPLVVPL. The resultant targeting peptide, bearing a
GGSKGC C-terminal sequence in order to label it with fluorescein and to enable it to be
conjugated to a nanoparticle was tested against HPN-PC3 and LNCaP cells which express
HPN, and PC3 and DU145 cells which no not express HPN. The peptide was found to bind
avidly to both of the HPN-expressing cell lines, whereas the binding to the other cell lines was
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minimal. Hepsin binding of the peptide was further confirmed by preincubation of HPN-PC3
cells an anti-hepsin antibody, as it abrogated binding of the peptide by 84.4%.

Conjugation of the peptide to CLIO was accomplished by reaction of amine functionalized
CLIO with SIA, followed by reaction with the fluorescein labeled peptide. As compared to the
free peptide, the nanoparticle demonstrated 10-fold greater cell-associated fluorescence,
possibly due to the multivalency of the particle (figure 5). The targeted particle also bound to
the PC3 cells 80-fold less than the HPN-PC3 cells. The in vivo utility was tested in mouse
xenographs of prostate tumors. demonstrating significantly higher accumulation in the LNCaP
tumors than in the PC3 tumors (65 ± 3.1 nM vs 23 ± 1.6 nM particle).

4.2.2. Homing to tumor vasculature—A number of endothelial targets have been
explored to image tumor neovasculature. In one example, Ruoslahti and coworkers have
utilized in vivo phage screens of tumor-bearing transgenic breast cancer mice to discover a
peptide sequence, CREKA, that homes to this target [70]. When fluorescently labeled and
intravenously injected into transgenic- or xenograph tumor bearing mice, the peptide readily
accumulates within the tumors, whereas it is undetectable in normal tissues. Interestingly, the
peptide formed a “distinct meshwork in the tumor stroma,” which led the authors to hypothesize
that the peptide was binding to clotted plasma proteins within the tumor. In order to test this,
the peptide was injected into tumor-bearing fibrinogen knockout mice, which lack tumoral
fibrin, and did not demonstrate accumulation, verifying that CREKA homes to clots.

The FITC-labeled peptide was next conjugated to CLIO through the N-terminal cysteine after
modification of the particle with the heterobifunctional linker N-[a-maleimidoacetoxy]
succinimide ester (AMAS), resulting in approximately 8000 peptides per particle. The
CREKA-modified particles demonstrated binding to both human and mouse plasma clots in
vivo, which could be inhibited by preincubation with the free peptide. Initial in vivo tests of
the homing ability of the particles to MDA-MB-435 breast cancer xenographs showed poor
uptake in the tumors, whereas the majority of the agent localized to the reticuloendothelial
system (RES), presumably through protein opsonization. In order to circumvent this, decoy
liposomes decorated with Ni(II) chelates were injected to deplete plasma opsonins and allow
for targeted delivery of the nanoparticle. Following liposome treatment, large amounts of the
targeted particles were observed in the tumor vasculature, with up to 20% of the vessels filled
with fluorescent masses. IVFM was also undertaken with Dil-labeled erythrocytes to monitor
the time course of clot formation. As the clot formed, blood flow obstruction became evident
concomitant with CREKA-labeled particle entrapment. In order to test the amplification of
tumor targeting due to clot formation, mice were pretreated with heparin prior to injection of
the particles. Although clots were not formed, binding of the particles to the walls of the vessels
was still observed, possibly due to fibrin already present in the tumor vasculature. This also
demonstrated that the CREKA peptide induces clot formation, which, in turn binds more
particles, causing amplification of the targeting. In one last experiment, the CREKA-particles
were labeled with Cy 7, were injected into tumor bearing mice, and were imaged by
fluorescence reflectance imaging (FRI, figure 6). In particle treated mice, the tumor was clearly
delineated, while those mice treated with the targeted particle and heparin showed a reduced
signal from the tumor.

Homing to tumor vasculature has also been accomplished by Montet et al. using a fluorescently
labeled CLIO bearing RGD peptides [46,62]. The tripeptide sequence RGD targets V 3
integrin, which is upregulated in angiogenic endothelial cells. In vitro, the particles
demonstrated 40-fold higher binding to V 3 expressing BT-20 human breast carcinoma cells
than a control particle, and 5-fold higher binding to BT-20 cells than to 9L rat gliosarcoma
cells, which express low levels of V 3. In vivo, the targeted particles demonstrated 6.5-fold
higher uptake in BT-20 tumors than the control particle and 1.8-fold higher uptake in 9L tumors,
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as determined by FMT. Homing of the particles to the tumor vasculature was further confirmed
histologically.

5. Theranostic Nanoagents
The ability of nanoparticles to both diagnose and treat diseases is an emerging concept. These
nanoagents have been termed theranostic due to their diagnostic and therapeutic capabilities.

5.1 Near infrared light activated therapeutics
It has been hypothesized that selective “silencing” of activated macrophages in atherosclerotic
lesions (as opposed to all macrophages or resting macrophages) can lead to long lasting
therapeutic effects, including the stabilization of inflamed, vulnerable atheromata.
Macrophages play a critical role in atherosclerosis, as they secrete proteolytic enzymes which
cause degradation of fibrous caps, promote atherothrombosis, and/or play other key roles in
the progressive inflammatory cascade. We have recently reported on the conjugation of
porphyrinic photosensitizers to macrophage avid magnetofluorescent nanoparticles [87].
These particles make use of the fact that wavelengths in near infrared region of the
electromagnetic spectrum are able to penetrate deeper into tissues, and are thus useful in near
infrared fluorescence (NIRF) imaging, and thus, also near infrared light activated therapy
(NILAT). To this end, a CLIO-based theranostic nanoparticle incorporating a potent NILAT
agent, as well as Alexa Fluor 750 (AF750) for use in optical imaging has been developed. Both
components are conjugated to amine functionalized CLIO via reaction with the respective
succinimide ester in a ratio of 10 NILAT moieties and 3 AF750 per particle. The excitation
wavelengths of the diagnostic and therapeutic portions are spectrally distinct, allowing for the
localization of the particle to be determined without causing extraneous cell killing.

Cell based assays of the uptake and phototoxicity of the theranostic nanoagent were
accomplished in murine macrophages (RAW 246.7). The particles demonstrated time-
dependent uptake, as determined by flow cytometry. At saturation, each macro-phage was
calculated to contain between 106 and 107 particles per cell. Phototoxicity was assayed by a
cell proliferation assay (MTS). In the absence of light, the agent did not display any more
toxicity than control particles without the NILAT agent. However, when the cells were
irradiated at 650 nm (the therapeutic wavelength) a dose-dependent phototoxicity was
observed. More importantly, when the cells were irradiated at 750 nm with a light dose
comparable to that used in IVFM, minimal cell death was observed. In another experiment,
the nanoagent was incubated with transformed human macrophages (U937), and brought about
100% cell death after 1 hour incubation and laser illumination. Ongoing in vivo experiments
have demonstrated that the nanoagent preferentially accumulates within atherosclerotic lesions
within 24 hours of intravenous injection, as determined by IVFM. Irradiation of atheroma at
the therapeutic wavelength (650 nm) results in macrophage cell death within 24 hours of
therapy. At 1 week post therapy, reinjection of the therapeutic nanoagent results in minimal
uptake by the lesion, intimating a significant reduction in macrophage content, while histology
of the plaque at 3 weeks demonstrates a thickened fibrous cap and decreased inflammation.
Further experiments to demonstrate therapeutic efficacy and plaque stabilization are in
progress.

A team led by Brian Ross has also synthesized a light-activated theranostic nanoagent for the
imaging and treatment or brain tumors, based upon the encapsulation of iron oxide
nanoparticles and the photosensitizer Photofrin within PEGylated amine functionalized
polyacrylamide nanoparticles [71]. These particles were targeted using a vascular homing
peptide, F3, identified by phage screens, which is a 31-amino acid sequence present at the N-
terminus of human high-mobility group protein 2. F3 binds to nucleolin on the surface of tumor
cells and angiogenic endothelial cells, which subsequently traffics it to the nucleus. In order
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to determine cellular uptake and subcellular localization, the particles were also fluorescently
labeled with Alexa Fluor 594. The resulting particles were approximately 40 nm in diameter,
and were appended with 30 peptides and 10 fluorophores.

Cellular uptake and phototoxicity of the particles was determined after 4 hours incubation with
the targeted particles. Fluorescence microscopy revealed significant uptake and cell surface
binding of the F3-labeled particles to MDA-MB-435 breast cancer cells, which readily
translated to potent phototoxicity, with over 90% of the cells receiving the targeted particles
dying.

The in vivo efficacy of the nanoparticles was investigated in rat brain tumor model. Glioma
cells (9L) were implanted in the right forebrain of the animals, and were allowed to grow for
12 days prior to administration of the theranostic agent. The localization of the nanoparticles
was determined by serial MR imaging after injection of the targeted and untargeted
preparations. Within 10 minutes, the both particles demonstrated significant enhancement of
the tumor. Over the course the next 2 hours, the nontargeted particles washed out of the tumor,
whereas the F3-targeted agent continued to accumulate. According to analysis of the dynamic
scanning MRI data, F3-modification of the polyacrylamide nanoparticles increases the tumor
half-life from 39 to 123 minutes.

The therapeutic efficacy of nanoparticles was subsequently evaluated in comparison to the
unencapsulated photosensitizer, and was determined by changes in tumoral diffusion, as
measured by MRI (figure 7). While rats treated with Photofrin or untargeted particles
demonstrated similar changes in diffusion 8 days post-therapy (~ 25%), the diffusion values
of the rats receiving the F3-targeted particles increased more significantly (~ 40%) versus
controls (~ 10%). In fact, the animals that demonstrated the largest increase in diffusion values
were also the ones who survived the longest. Whereas the median survival time for the
Photofrin and untargeted particle groups were 13 days (versus 7 days for the control group),
the animals treated with the targeted agent had a median survival of 33 days, with 2 animals
disease-free 6 months after therapy.

6. Future perspectives
While iron oxide nanoparticles have found clinical utility in the magnetic resonance imaging
of numerous diseases, targeted delivery of these agents in the clinical setting using antibodies,
peptides, or small molecules has yet to come to fruition. The generation of multifunctional
nanoparticles will allow for the investigation of diseases across a number of imaging platforms,
and enable the accumulation of vast amount of information relevant to patient care. The
ultimate goal in the synthesis of multifunctional nanoparticles is the creation of theranostic
nanoagents, thus enabling the targeted diagnosis and treatment of disease.
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Figure 1.
Bioconjugation of iron oxide nanoparticles.
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Figure 2.
Heat map representing cellular uptake of different nanoparticle preparations. Columns from
right to left: 1, pancreatic cancer cells (PaCa-2); 2, macrophage cell line (U937); 3, resting
primary human macrophages; 4, activated primary human macrophages; 5, human umbilical
vein endothelial cells (HUVEC). Each column represents mean values from six different
experiments. Red refers to the lowest accumulation and green refers to the highest accumulation
[68].
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Figure 3.
64Cu-CLIO distributes to atherosclerotic lesions. 5A–B: PET-CT shows enhancement of the
posterior aortic root (arrow). 5C–F: En face Oil red O staining of the excised aorta depicts
plaque loaded vessel segments, which co-localize with areas of high 64Cu-TNP uptake on
autoradiography. 5E–F show a zoomed image of the root and arch. The arrows depict a plaque
laden segment of the root with high activity, which corresponds to the in vivo signal seen in
5B [84].
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Figure 4.
In vivo MR and optical imaging of VCAM-1 expression. A, MRI before injection of targeted
nanoagent. Dotted line depicts location of short-axis view (inserts, lower panel with color coded
signal intensity). B, Same mouse 48 hours after injection. A marked signal drop in the aortic
root wall was noted (insets). The contrast-to-noise ratio (CNR) of the aortic wall was increased
significantly after injection of the probe (mean±SD; *P<0.05 before vs after injection). C, E,
Light images of excised aortas. D, NIRF image after VINP-28 injection demonstrates
distribution of the agent to plaque-bearing segments of the aorta, whereas the aorta of the saline
injected apoE−/− shows very little fluorescent signal (F). Both images were acquired with
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identical exposure times and were identically windowed. The target-to-background ratio (TBR)
was significantly higher in the targeted nanoparticle injected mice (*P<0.05) [56].
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Figure 5.
In vivo imaging of prostate cancer. A. HPN-PC3 (black and green histograms) or PC3 (red
histogram) cells were incubated with the HPN peptide or HPN peptide labeled nanoparticles
(green histogram) then analyzed via flow cytometry. B and C. Mice bearing tumors derived
from PC-3 (left flank) or LNCaP (right flank) were co-injected with HPN peptide labeled
nanoparticles and a control nanoparticle (red bars) then (B) imaged and (C) accumulation
quantified via FMT 24 hours post injection [69].
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Figure 6.
Effect of blood clotting on nanoparticle accumulation in tumors. Mice bearing MDA-MB-435
human breast cancer xenografts were intravenously injected with PBS or heparin, followed by
Ni-liposomes (or PBS) and CREKA-modified particles (or control nanoparticles). The mice
received additional heparin by i.p. injections (a total of 1,000 units/kg) or PBS throughout the
experiment. (A) Tumors were removed 6 h after the nanoparticle injection, and magnetic signal
in the tumor after different treatments was determined with SQUID. (B) A representative
example of the appearance of CREKA-targeted particles in tumor vessels of mice treated with
heparin. (C) Quantification of heparin effect on clotting in blood vessels. Mice were pretreated
with PBS (open bars) or heparin (filled bars) as described above, followed by Ni liposomes/
CREKA-targeted nanoparticles. Note that heparin did not significantly change the percentage
of blood vessels containing particles, but dramatically decreased the incidence of the lumens
that are filled with fluorescence. (D) Near-infrared imaging of mice that received Ni-liposomes,
followed by Cy7-labeled CREKA-targeted particles, with or without heparin pretreatment. The
images were acquired 8 h after the injection of the CREKA-targeted particles. Arrows point
to the tumors, and arrowheads point to the liver [70].
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Figure 7.
Monitoring of therapeutic efficacy using multifunctional nanoparticles in 9L brain tumors. T2-
weighted magnetic resonance images at day 8 after treatment from (C) a representative control
i.c. 9L tumor and tumors treated with (D) laser light only, (E) i.v. administration of Photofrin
plus laser light, and (F) nontargeted nanoparticles containing Photofrin plus laser light and (G)
targeted nanoparticles containing Photofrin plus laser light. The image shown in (H) is from
the same tumor shown in (G), which was treated with the F3-targeted nanoparticle preparation
but at day 40 after treatment. The color diffusion maps overlaid on top of T2-weighted images
represent the apparent diffusion coefficient (ADC) distribution in each tumor slice shown. I,
columns, mean peak percentage change in tumor apparent diffusion coefficient values for each
of the experimental groups; bars, SE [71].
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Table 1
Targeted magnetic nanoparticle preparations utilized in vivo.

Target Targeting Ligand References

Engineered transferrin receptor Holo-transferrin [50–52]

VCAM-1
Anti-VCAM-1 antibody [53]
VHS peptide [54]
VINP peptide [55,56]

E-selectin Anti-E-selectrin antibody [57,58]
E-selectin binding peptide [59]

Bombesin Bombesin-like peptide [60]
αvβ3 integrin Anti-αv antibody [61]

RGD peptides [46,62]
Muc-1 Muc-1 peptide [63]
Phosphatidylserine Annexin V [64,65]
Cell label Tat peptide [16,66,67]
Macrophage subtypes Small molecules [68]
Hepsin Hepsin peptide [69]
Tumor vasculature CREKA peptide [70]
Tumor vasculature F3 peptide [71]
Her2/neu Herceptin [72,73]
Amyloid-β Aβ 1–40 peptide [74]
Colorectal carcinoma Monoclonal antibody [75]
Tumor associated antigen Chimeric L6 antibody [76]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 August 17.


