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CONS P EC TU S

A dvances in our understanding of the genetic basis of disease
susceptibility coupled with prominent successes for molecular

targeted therapies have resulted in an emerging strategy of
personalized medicine. This approach envisions risk stratification
and therapeutic selection based on an individual's genetic makeup
and physiologic state (the latter assessed through cellular or
molecular phenotypes). Molecularly targeted nanoparticles can
play a key role in this vision through noninvasive assessments of
molecular processes and specific cell populations in vivo, sensitive
molecular diagnostics, and targeted delivery of therapeutics.

A superparamagnetic iron oxide nanoparticle with a cross-linked
dextran coating, or CLIO, is a powerful and illustrative nanoparticle
platform for these applications. These structures and their derivatives support diagnostic imaging by magnetic resonance (MRI),
optical, and positron emission tomography (PET) modalities and constitute a versatile platform for conjugation to targeting
ligands. A variety of conjugation methods exist to couple the dextran surface to different functional groups; in addition, a robust
bioorthogonal [4 þ 2] cycloaddition reaction between 1,2,4,5-tetrazene (Tz) and trans-cyclooctene (TCO) can conjugate
nanoparticles to targeting ligands or label pretargeted cells. The ready availability of conjugation methods has given rise to
the synthesis of libraries of small molecule modified nanoparticles, which can then be screened for nanoparticles with specificity for
a specific cell type. Since most nanoparticles display their targeting ligands in a multivalent manner, a detailed understanding of
the kinetics and affinity of a nanoparticle's interaction with its target (as determined by surface plasmon resonance) can yield
functionally important insights into nanoparticle design.

In this Account, we review applications of the CLIO platform in several areas relevant to the mission of personalized medicine.
We demonstrate rapid and highly sensitive molecular profiling of cancer markers ex vivo, as part of detailed, individualized
molecular phenotyping. The CLIO platform also facilitates targeted magnetic resonance and combined modality imaging (such as
MR/PET/fluorescence/CT) to enable multiplexed measurement of molecular phenotypes in vivo for early diagnosis and disease
classification. Finally, the targeted delivery of a photodynamic therapy agent as part of a theranostic nanoparticle successfully
increased local cell toxicity and minimized systemic side effects.

1. Introduction
Advances in our understanding of the genetic basis of

disease susceptibility, coupled with prominent successes

for molecular targeted therapies, have resulted in an emer-

ging strategy of personalized medicine. This approach en-

visions risk stratification and therapeutic selection based on

an individual's genetic makeup and physiologic state (the

latter assessed through cellular or molecular phenotypes).

Molecularly targeted nanoparticles can play a key role in

this vision through noninvasive assessments of molecular

processes and specific cell populations in vivo, sensitive

molecular diagnostics ex vivo, and targeted delivery of

therapeutics.1�3 Derivatized dextran coated magnetic

nanoparticles4,5 are a powerful platform for these applica-

tions, as they support diagnostic imaging by magnetic reso-

nance (MRI), optical, and positron emission tomography (PET)
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modalities, and constitute a versatile platform for conjuga-

tion to targeting ligands. Pharmacokinetic and toxicity stud-

ies have revealed these nanomaterials to be sufficiently

nontoxic and biodegradable6,7 with extended vascular re-

tention times. Certain nanoparticles of this class are now

FDA-approved.

Experimental dextran-coated superparamagnetic iron

oxide nanoparticles are a well-established platform for the

synthesis of multifunctional imaging agents. These include

monocrystalline iron oxide nanoparticles (or MION)8,9 and

the related nanoparticles where the dextran is covalently

cross-linked (cross-linked iron oxide nanoparticles, or CLIO)

to form amine groups that are ready substrates for conjuga-

tion to targeting ligands. Several nanoparticles with iron

cores and carbohydrate coatings have been approved for

human use. In 1996, the United States Food and Drug

Administration (FDA) approved Feridex I.V. (ferumoxides)

as the first nanoparticle-based iron oxide imaging agent

for the detection of liver lesions. A smaller monodisperse

version Combidex (ferumoxtran-10) has been used to image

occult prostate cancer lymph-node metastases in humans.

Finally, Feraheme (ferumoxytol) has been approved to treat

iron deficiency anemia in adult patients with chronic kidney

disease. Ferumoxytol is also under clinical investigation for

the detection of central nervous system (CNS) inflammation,

brain neoplasms, and cerebral metastases from lung or

breast cancer.

This Account will describe our recent efforts in the devel-

opment of an integrated system of nanoparticles, conjuga-

tion chemistries, screening methods, and detection tech-

nologies, with wide applications in biologic discovery,

molecular imaging, diagnostic analyte detection, and ther-

apeutic decision-making and monitoring.

2. CLIO Platform
Superparamagnetic iron oxide nanoparticles are typically

produced by one of two different mechanisms: (i) high

temperature hydrophobic crystal growth and subsequent

coating with biocompatible polymers10�13 or (ii) precipita-

tion from an alkaline solution containing a mixture of iron

salts (Fe2þ, Fe3þ) and a coating polymer such as dextran.4

The former generally results in highly monodisperse, high

relaxivitymaterials primarily used for in vitro applications,14

and the latter results in muchmore biocompatible materials

for in vivo use.6,15,16

MION are produced by the second method and contain

a 3�5 nm monocrystalline core surrounded by a layer of

dextran of variable thickness. The overall mean hydrated

diameter typically falls within the 20�45 nm range. Since

the iron core and dextran shell are held together via non-

covalent binding interactions, core�shell dissociation may

occur under certain biological conditions. To prevent dex-

tran dissociation and introduce a convenient functional

group for multivalent conjugation, MION can be treated

with epichlorohydrin to cross-link the dextran coating

(resulting in cross-linked iron oxide nanoparticles, or CLIO)

followed by treatment with ammonia to introduce primary

amines (CLIO-NH2).
8,9 The primary amines distributed

throughout the nanostructure allow increased loading ca-

pacity for the attachment of multiple targeting ligands,

imaging agents, and therapeutics into one entity. An alter-

native to chemical cross-linking is the use of carboxylated

dextrans as the primary coating.17,18

3. Chemistry
Efficient conjugation chemistry methods have extended the

versatility of the CLIO platform for multiple applications.

Straightforward protocols exist to conjugate ligands bearing

a variety of functional groups to the primary amines on

CLIO's dextran coating, including anhydrides, amines, hy-

droxyls, carboxylic acids, thiols, and epoxides (Figure 1).

Recently, a bioorthogonal [4 þ 2] cycloaddition reaction

FIGURE 1. Conjugation chemistries to attach small molecules to CLIO.
Figure reproduced with permission from Shaw, S.Y. Chemical Biology
Approaches to Molecular Imaging. In Molecular Imaging: Principles and
Practice (Weissleder, R., Ross, B. D., Rehemtulla, A., Gambhir, S. S.; Eds.),
People'sMedical Publishing House: Shelton, CT, USA, 2010; pp 497�508.
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between 1,2,4,5-tetrazene (Tz) and trans-cyclooctene (TCO)

was described that can label cancer cells, peptides, and small

molecules.19�21 (Figure 2). The reaction does not require

catalyst, and it proceeds rapidly at room temperature with

high yields in a variety of solvents including serum. A novel

labeling strategy termed BOND for “bioorthogonal nanopar-

ticle detection” uses this mechanism to conjugate nanopar-

ticles to targeting ligands such as antibodies (Figure 2).22,23

Antibodies are modified with TCO moieties at lysine resi-

dues. TCO-modified antibodies can then be reacted with

Tz-derivatized nanoparticles, resulting in multivalent nano-

particles bearing multiple copies of targeting ligands

(e.g., antibodies, peptides, or small molecules). To maximize

the amplification conferred by multivalent attachment, it

may be advantageous to use reactants and ligands that

imposeminimal steric hindrance (small “footprints”) and allow

a maximal number of covalent attachment sites on the

nanoparticle. BOND type chemistry enables efficient targeting

and signal amplification for a wide variety of diagnostic and

detection applications.24�28

4. Small-Molecule Modified Nanoparticle
Libraries
While most CLIO-based applications to date have utilized

peptides or antibodies for targeting, surface modification

through multivalent attachment of small molecules holds

great potential for selective targeting of cell types. The

flexible CLIO platform enables a screening approach to be

extended to libraries of small-molecule-modified nanopar-

ticles, that is, phenotypic screens to identify targeted nano-

particles with specificity for a cell-type of interest (andwithout

a priori knowledge of the protein target). Phenotype-driven

screens of nanoparticle libraries are a powerful complement

to traditional target-based nanoparticle design and may en-

able targeting of a broader range of cell types of interest.

As an example, amino CLIO (bearing ∼62 free amines)

was sparsely labeled with the near IR fluorochrome Cy5.5.

Remaining free amines were conjugated to 146 different

small molecules (MW < 500 Da) selected based on water

solubility and chemical diversity.29 While the starting CLIO

nanoparticle is taken up exclusively bymacrophages, screen-

ing in different cell lines and subsequent studies showed

that glycine-modified CLIO specifically labeled functional

macrophage subsets, such as a subset of tumor-associated

macrophages with proangiogenic and immunosuppressive

properties.30

While the above study narrowed nanoparticle targeting

from all macrophages to a functional macrophage subset, a

long-term goal is to enable targeting of nonmacrophage cell

types. A subsequent study demonstrated the viability of this

approach, by screening for smallmolecule-modified nanopar-

ticles with enhanced binding to vascular endothelial cells. The

robustness of the screen was increased by several design

elements (a) using primary isolates of human endothelial cells

(rather than cell lines), (b) screening multiple independent

isolates of endothelial cells from multiple vascular beds (to

avoid skewing screening results by a single idiosyncratic cell

isolate, and enhance the generality of screening “hits”), and (c)

by adopting rigorous analytic methods for the multidimen-

sional data set.31 Nanoparticles were screened for enhanced

binding to 11 isolates of vascular endothelial cells (the target

class), while minimizing binding to 2 isolates of macrophages

(background class). A t-statistic was calculated for each nano-

particle, which reflects the extent that the nanoparticle shows

a difference in binding to endothelial cells, compared to its

binding to macrophages. The statistical significance for each

nanoparticlewas evaluatedusingpermutation-basedp-values

(Figure 3). From the “hits” from the initial screen (pe3� 10�3),

selected nanoparticles were validated by demonstrating en-

hanced localization to endothelium in two physiologic con-

texts: human carotid endarterectomy samples (from opera-

ting room specimens) and intravital imaging of murine blood

vessels in vivo. Thus, phenotypic cell-based screening of

nanoparticle libraries across target versus background cell

types, combined with appropriate analytic methods, led to

the discovery of imaging probes with novel properties.

FIGURE 2. Bioorthogonal [4 þ 2] cycloaddition reaction between
1,2,4,5-tetrazene (Tz) and trans-cyclooctene (TCO) for labeling of nano-
particles (top) or cell surfaces (bottom). Figure was reproduced with
permission from ref 22. Copyright 2010 Nature Publishing Group.
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These unbiased screening approaches can be extended

to identify probes for a wide variety of cell types of interest.

In the context of personalized medicine, one could envision

screens for imaging probes that distinguish cells defined

by a difference in phenotype (e.g., low vs high metastatic

potential) or genotype (e.g., expressing a risk allele vs a pro-

tective allele at a disease gene).

5. Ligand Effects on Nanoparticle Binding
Targeted nanoparticles are widely thought to benefit from

multivalent interactions, where multiple ligands on the

nanoparticle simultaneously bind to multiple receptors on

another entity (e.g., a cell surface or a multimeric protein).32

However, given the complexities inherent in the interactions

of nanoparticle surfaces with their targets, and the structural

diversity of nanoparticle scaffolds and targeting ligands, our

understanding of how the multivalent display of targeting

ligands affects nanoparticle binding remains incomplete.

Furthermore, the effects of multivalency on nanoparticle

binding are often not quantitated or aremeasured indirectly

through cell-based assays.

To address these issues, we used surface plasmon reso-

nance (SPR) to directly quantitate the affinity and kinetics of

nanoparticle�target interactions in real time.33We studied a

deliberately constrained systemwhere CLIOwas conjugated

to a series of structurally related synthetic analogues that all

bound the same target, FK506-binding protein 12 (FKBP12).

The KD's for the free FKBP12 ligands span a 4500-fold range

(24 nM to 110 μM). These FKBP12 ligands were conjugated

to CLIO using sulfhydryl exchange chemistry, which allowed

quantitative determination of ligand loading and thus nano-

particlemultivalency (ranging from∼3�18 ligands/CLIO). At

high receptor (FKBP12) densities typically used for SPR

experiments, multivalent interactions resulted in negligible

dissociation rates (kd). However, at lower, physiologically

relevant receptor densities (comparable to measured recep-

tor densities on cancer cells), several notable findings re-

sulted (Figure 4). As expected, dissociation rates kd between

the multivalent nanoparticle and FKBP12 were significantly

reduced relative to the free small molecule ligands. Less

expectedwas the considerable variation in association rates,

as ka for the nanoparticle�FKBP12 interaction increased,

decreased, or remained largely unchanged relative to the

free small molecules. Quantitative curve-fitting of SPR re-

sponses confirmed that increasing contributions frommulti-

valent (as opposed to monovalent) interactions correlated

FIGURE 3. Screening for small-molecule-modified nanoparticles with enhanced binding to 11 independent endothelial isolates (relative to
macrophage binding). Figure reproduced with permission from ref 31. Copyright 2009 RSC Publishing.
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with increased binding affinity and avidity. Parallel analyses

showed that structural components such as linker length

and conjugation chemistry could also influence binding

kinetics of multivalent nanoparticles in unexpected ways.

The kinetic insights uncovered by our SPRmeasurements

at physiologically relevant receptor densities could have

important functional implications. First, they suggest that

nanoparticle design may not always be straightforwardly

modular, as the details of how a nanoparticle is conjugated

to a targeting ligand influenced nanoparticle behavior.

Second, they argue that direct measurement of nanoparticle

binding affinities and kinetics can inform nanoparticle de-

sign. For instance, nanoparticle affinity, and association and

dissociation rates can all affect how deeply an intravascular

circulating agent penetrates into tissue before its target sites

become effectively saturated;34 the relative contribution of

these variables depends on several in vivo factors, including

capillary permeability, particle size, and target density. In

light of this, two targeted nanoparticles that have compar-

able equilibrium affinities for their target may possess very

distinct kinetic properties with functional consequences.

More broadly, SPR can guide the design, synthesis, and

structure�activity studies of functionalized nanoparticles

for a variety of ligand, scaffold, and target combinations.

6. Biomedical Applications
Progress in the syntheses of nanoscale materials is

envisioned to play a critical role in the development of

novel diagnostics and therapeutics. Derivatized magnetic

nanoparticles (with carbohydrate coatings such as dextran)

possess many properties that make them well-suited for

these applications. The superparamagnetic iron oxide core

enables in vivo imaging by magnetic resonance. Clustering

of nanoparticles can be used as the basis for highly sensitive

ex vivo analyte detection in point-of-care devices. The

nanoparticle surfaces are readily modified with targeting

ligands and can benefit from enhanced avidity conferred by

multivalency. Antibody, peptide, and/or small molecule

derivatizedmagnetic nanoparticles haveall beendeveloped

successfully. The particles are biocompatible, with favorable

circulating half-lives. For all of these reasons, these nano-

particles are widely utilized in translational cell- and animal-

based experiments, and certain nanoparticles of this class

are now FDA approved for human use. The sections below

briefly summarize some recent highlights; further details

may be found in several reviews.2,35,36

6.1. Diagnostic Magnetic Resonance (DMR). The ability

to detect specific analytes in a sensitive and efficientmanner

is critical for point of care tests for diagnosis, prognosis, and

FIGURE 4. Surface plasmon resonance to quantitate kinetics and affinity of nanoparticle binding. (A) At high target densities (e.g., 464 and 582 RU, or
response units), there is negligible dissociation ofmultivalent nanoparticles. (B, C) SPR reveals distinct kinetics for interaction of a protein targetwith its
free small molecule ligand (B) vs a multivalent nanoparticle conjugated to the ligand (C). Figure reproduced with permission from ref 33. Copyright
2010 American Chemical Society.
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monitoring of disease activity and therapeutic efficacy. Ideal

biosensors should provide rapid, high sensitivity detection

and quantitation of a range of different analytes, with low

sample volume requirements and cost. An innovative ap-

proach for detecting analytes takes advantage of CLIO-like

nanoparticles andmagnetic self-amplifyingproximity effects37

ormagnetic tagging.14,38,39 In eithermode, the presenceof the

target analyte induces target-mediated nanoparticle cluster-

ing, resulting in decreased T2 relaxation times or increased

relaxation ratesR2 (R2 = 1/T2) of neighboringwatermolecules

relative to monodisperse nanoparticles (forward magnetic

relaxation switching, or MRS). Several different types of mo-

lecular interactions havebeendetected usingMRS andbench-

top relaxometers, including DNA�DNA, protein�protein,

protein�small molecule, enzymatic activity via reverse assay,

telomerase activity, and bacterial detection.37,40�45 Signifi-

cantly, these can be detected in turbid media and whole cell

lysates; the lack of purification is a critical advantage for

processing of clinical samples such as blood. In a recent study

addressing the effects of multivalency on the binding and

detectionof cells usingmagnetic relaxationnanosensors, high

valency nanoparticles outperformed the low valency counter-

part, achieving rapid single cell detection.46 Additionally,

multivalentnanosensorshavebeenusedasmolecularmimics

for toxin detection.47

Miniaturization of the magnetic resonance components

has resulted in a field-ready diagnostic magnetic resonance

(DMR) device.38 The first prototype, DMR-1, incorporates a

microcoil array, microfluidic network, electronics, and per-

manent magnet, all in a portable self-contained assembly.

Onboard custom electronics provide both longitudinal (T1)

and traverse (T2) relaxation time measurements. Side-by-

side performance comparisons between a benchtop relax-

ometer and DMR-1 showed less than 2% difference in

measured R1 and R2 values. (relaxation per iron concentra-

tion in water). Moreover, DMR-1 mass detection sensitivity

improved 80-fold over the relaxometer, due mainly to

device miniaturization which enables stronger radio fre-

quency field generationwith increased filling factors in small

sample volumes.

A second generation device, DMR-2, improved detection

sensitivity.14 First, the probe design was changed to a

solenoid microcoil probe embedded in a microfluidic struc-

ture to decrease sample volume and improve signal-to-

noise ratio (SNR). The second improvement took advantage

of novel water-soluble magnetic nanoparticles (MNP) with

significantly greater r2 relaxivities (high r2will induce largeR2
changes) which were synthesized by doping iron oxide

nanoparticles with manganese (Mn-MNP) and using seed-

growth techniques to increase overall metallic core size.

In fine needle aspirates (FNAs) from xenograft mouse tu-

mors, DMR-2 combined with anti-Her2/neu-Mn-MNP nano-

particles resulted in a linear relationship between traverse

relaxation rate R2 and Her2/neuþ cell counts, with a detec-

tion limit of ∼2 cells per 1 uL sample (far below that of

standard-of-care methods such as histology).

Finally, a third generation device (DMR-3) is an integrated,

clinical micro-NMR (μNMR) device capable of rapid and quan-

titative profiling of multiple proteinmarkers48 (Figure 5). DMR-

3 includes the capability to perform multiplexed analyte

measurement, microfluidic specimen delivery, and increased

temperature stability, and can be controlled via a smartphone

application. Cells from FNAs for suspected human abdominal

malignancies were first labeled by a TCO-modified antibody

against the cancer marker, followed by labeling with Tz-

modified magnetic nanoparticles. This system was first used

toprofile 9 different cancermarkers in50patients undergoing

abdominal FNA (Figure 6). μNMR signals for the cancer mar-

kers showed very high correlation with gold-standard meth-

ods of clinical measurement, such as flow cytometry or

immunohistochemistry.Using standard-of-care clinical assess-

ments classifying each tumor as benign or malignant as the

FIGURE 5. μNMR diagnostic magnetic resonance (DMR) device. Point-
of-care μNMR device (top left) containing circuitry for NMR measure-
ments (bottom left) is controlled by a smartphone application. Detection
of cellular receptors via magnetic nanoparticles and BOND bioortho-
gonal conjugation is shown at bottom right. Figure reproduced with
permission from ref 48. Copyright 2011 American Association for the
Advancement of Science.
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gold standard, a weighted four-marker profile (composed of

MUC-1, EGFR, HER2, and EpCAM) showed96%accuracy. In an

independent cohort of 20 patients, this four-marker panel

showed 100% accuracy in classifying samples as benign

or malignant. Of note, marker measurements by μNMR

were available in less than 1 h, while standard processing

required 3�4days onaverage andoften longer. Thus, sensitive

detection of cells from human FNAs using DMR-3 and mag-

netic nanoparticles can enable patient phenotyping based on

profiles of expressed cancermarkers. DMR-3 enables a binary

diagnostic distinction (benign vs malignant), but the under-

lying approach is adaptable to multiplex phenotyping of

patient tumors for tumor classification, risk stratification, and

monitoring response to therapy.

6.2. Magnetic Resonance Imaging (MRI). The ability to

image CLIO and related nanoparticles by magnetic reso-

nance has led to several probes that image cellular and

subcellular events with high spatial resolution,6,17,49�65 and

can be used for early diagnosis, risk stratification, and

monitoring of disease activity or therapeutic efficacy. For

example, a magnetofluorescent nanoparticle targeted to

vascular adhesion molecule-1 (VCAM-1) was designed to

image atherosclerosis in vivo.60 Upregulation of vascular

adhesion molecule-1 (VCAM-1) on activated endothelial

cells, macrophages, and smooth muscle cells is an early

marker of atherosclerosis. A VCAM-1 targeting peptide was

selected utilizing iterative phage display, and conjugated to

CLIO. Intravenous administration of this targeted particle

results in enhanced MR signal in aortic roots of apoE�/�

mice, which correlated with VCAM-1 expression. This probe

was also useful for in vivo monitoring of therapeutic

efficacy, as evidenced by improved signal after statin

treatment.

In another example, a similar magnetofluorescent nano-

particle was designed to visualize apoptosis. Phosphatidyl-

serine becomes externalized on cell membranes early in the

apoptotic process, and annexin V binds phosphatidylserine.

CLIO conjugated to annexin V has been shown to be a

sensitive indicator of cardiomyocyte apoptosis in vivo.62�64

6.3. Positron Emission Tomography (PET) Imaging.

Positron emission tomography (PET) imaging identifies high-

energy photons from trace quantities of decaying radioactive

isotopes with significantly higher sensitivity than MRI. Label-

ing of nanoparticles with PET isotopes such as 18F has been

FIGURE 6. Profiling of cancer marker expression from 50 patient FNAs using DMR. Figure reproduced with permission from ref 48. Copyright 2011
American Association for the Advancement of Science.
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successfully used to decrease both the detection threshold

and the clinical dose required. Using copper-catalyzed

azide�alkyne cycloaddition (“click” chemistry), a fluorescently

derivatized CLIO was conjugated with 18F to create a trimodal

nanoparticle that can be detected by PET, fluorescence mo-

lecular tomography (FMT) and MRI (Figure 7). The detection

threshold for 18F-CLIO by PET was 200 times more sensitive

than that of MRI16 and 50 times more sensitive than that of

FMT. In agar-based phantoms, CLIO-based particles bearing
18F and the fluorescent dye VT680 show excellent correlation

between PET and FMT signals (r2 > 0.99).

CLIO-based PET/FMT/MRI imaging agents offer the pros-

pect of sensitive, multichannel assessments of different

biological signals in vivo. In a CT26 colon carcinoma mouse

xenograftmodel, 64Cu-CLIO-VT680 showedgoodcorrelationof

PET and FMT signals (r2 = 0.82) within tumor volumes, corre-

sponding to CLIO targeting of tumor-associated macrophages.

Formultichannel imaging in vivo, the 64Cu-CLIO-VT680 particle

wascoinjectedwitha fluorescentprobe for cathepsinenzymatic

activity and a fluorescent probe for Rνβ3 integrins. Spectrally

resolved signals were observed within tumors in vivo, with

different agents localizing to distinct subregions of the tumor

according to their biological targets66 (Figure 7).

PET-CT imaging of 18F-CLIO resulted in significantly high-

er PET signal in murine aortic aneurysms compared to

normal aorta, due to 18F-CLIO targeting of monocytes and

macrophages within the aneurysm. Cellular probe distribu-

tion was validated by radionuclide, fluorescence, histologic,

and flow cytometric measurements. Currently, decisions on

surgical resection of aneurysms are based on population-

derived risk factors such as aneurysm diameter. Nanoparti-

cle�PET agent conjugates may allow individualized thera-

peutic decisions, based on molecular disease markers such

as cellular inflammatory activity in the aneurysm.67

6.4. Theranostic Particles: Photodynamic Therapy

(PDT).Various formulations of iron-oxide-basednanoparticles

have been developed for theranostic applications, in which the

nanoparticle carries imaging, targeting, and therapeutic capabil-

ities. For instance, iron oxide nanoparticles were synthesized

with a poly(acrylic acid) (PAA) polymer coating that encapsu-

lated anear-infrared dye and the chemotherapeutic drugTaxol.

Functionalization of this nanoparticle with folate allowed up-

take intoA549 lung cancer cells, Taxol release, and cell death.68

Nanoparticle-borne payloads have included genes, proteins,

drugs, or combinations thereof, which have recently been

reviewed.69

PDT is a promising treatment modality for several types

of diseases including artherosclerosis and cancer.70 PDT

uses a photosensitizer-based drug, oxygen, and light of a

specific wavelength to produce singlet oxygen, a highly

reactive species that causes proximity-based photonecrotic

effects. By directing light of a specificwavelength to a precise

FIGURE 7. Multimodal PET imaging using nanoparticles. (A) Versatile conjugation capabilities of CLIO, e.g., to 18F using click chemistry, but also to
peptides or other targeting ligands. (B, C) In vivo multichannel PET-CT (B) and FMT/PET-CT (C) of tumor-bearing mice, coinjected with fluorescent
peptide against integrins, a fluorescent cathepsin sensor, and 64Cu-CLIO-VT680 (labeling macrophages). Figure reproduced with permission from
ref 66. Copyright 2010 National Academy of Sciences.
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region, PDT can cause localized tumor killing without dama-

ging nearby healthy tissue. A drawback to systemically

delivered photosensitizers, however, is skin accumulation

leading to photosensitivity.

CLIO has proven to be an appealing theranostic platform

to deliver photosensitizing agents in a targeted fashion,

decreasing photosensitivity complications. Hydroporphyr-

ins of the chlorin class sensitize formation of singlet oxygen

and have been used extensively in PDT applications.71 In

a first generation multimodal theranostic nanoparticle

(TNP), CLIO was conjugated to the potent photosensitizer

tetraphenyl-2,3-dihydroxychlorin (TPC) (with singlet oxygen

quantumyield = 0.65 (645 nmexcitation)), and also to Alexa

Fluor 750 for fluorescent localization.72 The resulting TNP

had a characteristic UV�vis absorption spectrum featuring

all three optically active components (CLIO abs < 400 nm,

TPC abs = 650, and Alexa Fluor 750 abs = 750). The 100 nm

differences in absorption between TPC and Alexa Fluor 750

minimized energy transfer and singlet oxygen generation

during optical imaging. In amacrophage cell line, irradiation

with 650 nm light resulted in dose-dependent phototoxicity,

whereas irradiation at 750 nm for optical imaging did not

cause any observable cell death.

A second-generation TNP conjugated the hydrophilic

meso-tetra(hydroxyphenyl)-2,3-dihydroxychlorin (THPC) to

CLIO, which allowed for 3-fold greater nanoparticle

loading.73 The resulting CLIO-THPC had improved aqueous

stability and almost 60 times greater phototoxicity than con-

ventional chlorin e6 (Figure 8). In an apolipoprotein E-defi-

cient mouse model of atherosclerosis, CLIO-THPC localized

to carotid artery atheroma (specifically areas rich in macro-

phages and foam cells). Surgically exposed carotid arteries

were irradiatedwith 650 nm light, incisionswere closed, and

mice were allowed to recuperate. Follow-up tissue staining

showed extensive macrophage cell death and apoptosis in

atheroma (Figure 8). CLIO-THPC caused significantly less skin

phototoxicity in mice compared to chlorin e6, validating the

benefit of nanoparticle-targeted PDT.

7. Conclusions
The platformof dextran-coated iron oxide nanoparticles has

proven to be an important part of the armamentarium for

multiple phases of personalized medicine (i.e., therapy cho-

sen to match individual genotype or phenotype). The large

cargo capacity and suitability for a variety of conjugation

methods has enabled CLIO's use for molecular imaging,

sensitive and rapid ex vivo detection of analytes, and the

targeted delivery of therapy. Ongoing and future efforts will

extend the lessons learned with CLIO to clinical grade iron

oxide nanoparticles, such as those based on ferumoxides,

ferumoxtran-10, or ferumoxytol. Also, the reproducible

synthesis of derivatized nanoparticles designed for human

applications needs to be standardized. Targeting ligandswill

be developed against a wider range of cellular proteins,

enabling applications in a wider range of diseases. Finally,

studies of nanoparticles in cohorts of human subjects are

needed to rigorously assess the potential of these nanopar-

ticles to function as clinically relevant biomarkers. Ulti-

mately, these types of nanoparticles show great potential

to participate inmany steps in the cycle of personalized care,

including individualized risk stratification, early diagnosis,

FIGURE 8. Nanoparticle-based theranostic agent for photodynamic therapy. (Left) Theranostic nanoparticle enhances phototoxicity vs chlorin e6.
(Right) CLIO-THPC localizes to atheromaof apoE�/�mice, as evidenced by fluorescentmicroscopy of nanoparticle (A), merged fluorescent-bright field
microscopy (B), and areas of apoptotic and necrotic cells (C). Figure reproduced with permission from ref 73. Copyright 2010 Wiley-VCH.
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and assessment of disease activity. Such personalized

phenotyping can subclassify patients to identify new

endophenotypes, and match patients with the most appro-

priate therapy.
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