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herapy and diagnosis are two major categories in the clinical treatment of disease. Recently, the word “theranosis” has been

created, combining the words to describe the implementation of these two distinct pursuits simultaneously. For successful
theranosis, the efficient delivery of imaging agents and drugs is critical to provide sufficient imaging signal or drug concentration in
the targeted disease site. To achieve this purpose, biomedical researchers have developed various nanoparticles composed of
organic or inorganic materials. However, the targeted delivery of these nanoparticles in animal models and patients remains a
difficult hurdle for many researchers, even if they show useful properties in cell culture condition.

In this Account, we review our strategies for developing theranostic nanopartides to accomplish in vivo targeted delivery of imaging agents
and drugs. By applying these rational strategies, we achieved fine multimodal imaging and successful therapy. Our first strategy involves
physicochemical optimization of nanoparticles for long draulation and an enhanced permeation and retention (EPR) effect. We accomplished
this result by testing various materials in mouse models and optimizing the physical properties of the materials with imaging techniques.
Through these experiments, we developed a glycol chitosan nanopartide (CNP), which is suitable for angiogenic diseases, such as cancers, even
without an additional targeting moiety. The in vivo mechanism of this partide was examined through rationally designed experi-
ments. In addition, we evaluated and compared the biodistribution and target-site accumulation of bare and drug-loaded nanopartides.

We then focus on the targeting moieties that bind to cell surface receptors. Small peptides were selected as targeting moieties
because of their stability, low cost, size, and activity per unit mass. Through phage display screening, the interleukin-4 receptor
binding peptide was discovered, and we combined it with our nanoparticles. This product accumulated efficiently in atherosdlerotic
regions or tumors during both imaging and therapy. We also developed hyaluronic acid nanoparticles that can bind efficiently to
the CD44 antigen receptors abundant in many tumor cells. Their delivery mechanism is based on both physicochemical
optimization for the EPR effect and receptor-mediated endocytosis by their hyaluronic acid backbone.

Finally, we introduce the stimuli-responsive system related to the chemical and biological changes in the target disease site.
Considering the relatively low pH in tumors and ischemic sites, we applied pH-sensitive micelle to optical imaging, magnetic resonance
imaging, anticancer drug delivery, and photodynamic therapy. In addition, we successfully evaluated the in vivo imaging of enzyme
activity at the target site with an enzyme-specific peptide sequence and CNPs.

On the basis of these strategies, we were able to develop self-assembled nanoparticles for in vivo targeted delivery, and
successful results were obtained with them in animal models for both imaging and therapy. We anticipate that these rational
strategies, as well as our nanoparticles, will be applied in both the diagnosis and therapy of many human diseases. These
theranostic nanoparticles are expected to greatly contribute to optimized therapy for individual patients as personalized medicine,
in the near future.
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1. Introduction

The word “theranosis” was coined to describe the current
biomedical efforts to combine diagnostic and therapeutic
modalities by one unified material and to develop individu-
ally designed therapies against various diseases to accom-
plish personalized medicine.'! The need for person-
alized medicine arose from the consensus that many dis-
eases like cancer are originally heterogeneous, and thus
clinical treatments should reflect patient characteristics and
stages of disease progression.? Large numbers of current
researchers hope and expect that a combination of diag-
nosis and therapy can produce rationally organized clinical
treatments that are optimal for each patient.?

In both diagnosis and therapy, one of the most essential
requirements is efficient delivery of imaging agents and
drugs to the target site. For precise diagnosis of disease,
many imaging modalities such as fluorescence optical ima-
ging, magnetic resonance imaging (MRI), positron-emission
tomography (PET), and computed tomography (CT) have
been developed and used in biomedical fields.* To investi-
gate the disease site using one of these modalities, the
intensity of the imaging signals should be higher in the
target site than in the surrounding area. Various imaging
agents have been developed for this purpose, and they
require efficient delivery to the target site.” In the case of
drug delivery, many treatments will not provide favorable
clinical outcomes if the drug concentration in the target
disease site is not sufficient to generate therapeutic efficacy.®
Moreover, in many cases, a large amount of the admini-
strated drug is also delivered to normal tissues, which could
result in the severe side effects that patients often experience.”
Therefore, an essential approach to overcome this crudcial
obstadle is the development of optimized and targeted deliv-
ery systems for imaging agents or drugs.?

For this purpose, a variety of nanoparticles have been
developed using various organic or inorganic materials and
used widely for imaging and drug delivery.°~'" Conse-
quently, a precise description of their base materials or
applications has been reviewed in many recent papers.'?
However, in vivo targeted delivery still remains the key
limiting factor for many nanoparticles that exhibit useful
properties in cell culture systems.'®'* Therefore, this Ac-
count focuses mainly on our own efforts and strategies to
develop theranostic nanoparticles that enable target-specific
delivery of imaging agents and drugs for in vivo systems.
Especially, we described in this Account mainly polymeric
nanoparticles that have amphiphilic characters enabling
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self-assembly in aqueous conditions. Imaging agents or drugs
can be introduced easily into them by loading or conjugation.
Inorganic nanoparticles and carbon nanotubes for theranosis
were reviewed in recent papers by other researchers.'®

2. Physicochemical Optimization of Nano-
particles for Intravenous Injection

Nanoparticles are particularly advantageous for intravenous
injection, because their nanosize has special meaning in this
condition.® When intravenously injected, particles smaller
than 5 nm are removed from blood by rapid renal clearance
through kidney, whereas large microsized particles are
filtrated mechanically by sinusoids and cleared by the re-
ticuloendothelial system (RES) of liver and spleen.16 There-
fore, nanoparticles with 10—500 nm sizes can remain in the
circulation for an extended period of time when injected
intravenously and can be employed in rational strategies for
targeted delivery, like passive or active targeting.'”

2.1. Enhanced Permeation and Retention (EPR) Effect
and Glycol Chitosan Nanoparticle (CNP). Because of the
rapid construction of new, fenestrated vascular structures,
tumors are more readily permeable than normal tissues to
nanoparticles.'* This phenomenon has been identified as
the EPR effect and its fundamental mechanism is exploited
for passive targeting of nanoparticles to solid tumors."® And
this EPR effect also can be observed in other angiogenic
disease like arthritis.'® Although many studies on nanopar-
ticles have been performed on the basis of the EPR effects,
their in vivo data have revealed that the tumor specificity of
the nanoparticles was only slightly improved compared with
the controls in many cases.'®

Among various nanoparticles, our glycol chitosan nano-
particle (CNP) was superior in tumor-targeted delivery during
many in vivo experiments.?°~?? In our recent papet, its
tumor targeting ability was evaluated precisely in tumor-
bearing mice by using the near-infrared fluorescent
(NIRF) dye, Cy5.5, and noninvasive fluorescence imaging
(Figure 1).%> CNP was synthesized by conjugating hydrophi-
lic glycol chitosan and hydrophobic cholanic acid, and this
combination allowed the self-assembly into nanoparticlesin
aqueous conditions. It is about 260 nm in size, and gel
filtration data revealed that its deformability is higher than
that of polystyrene beads of similar size. We believe this
deformability may play a pivotal role in its extended dura-
tion in circulation and its accumulation in the tumor, because
its size is larger than the traditional, optimal size for EPR
effect.’®>'* When two differently sized SCC7 tumors were
established in mice and Cy5.5—GC nanoparticles were
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FIGURE 1. Glycol chitosan nanoparticle (CNP)and tumor targeting based on EPR effect. (A) Schematic llustration of self-assembled CNP and EPR effect
in tumortissue. (B) Chemical structure of Cy5.5-labeled glycol chitosan—cholanic acid conjugate. (C) Time-dependent size determination of CNP in PBS.
(D) Filtration test of glycol chitosan polymer, CNP, and polystyrene beads with different pore sizes. (E) In vivo imaging of Cy5.5—CNPs in mice with
different size of SCC7 tumors (2.6 + 0.3 mm (solid arrow) and 6.2 & 0.5 mm (dotted arrow)). (F) Time-dependent NIRF images of free Cy5.5,

Cy5.5—glycol chitosan polymers, and Cy5.5—CNPs in SCC7 tumor-bearing mice. (G) Tumor to background (muscle) fluorescence ratio in panel F as a

function of time.

injected via the tail vein, both tumors were significantly
delineated from the surrounding normal tissue. However,
the NIRF signal was proportional to the tumor size, demon-
strating that the tumor targeting mechanism of CNP is based
on the EPR effect related to rapid tumor growth. Strong NIRF
signal was detected for 3 days in tumors of mice treated with
CNPs, unlike the case of Cy5.5 or GC polymer. This finding
proved the extended circulation time and tumor-targeted
delivery of CNPs.

2.2. Optimization of CNPs. Many factors like size and
charge should be considered to accomplish targeted deliv-
ery of nanoparticles.'* To select an adequate polymer for
nanoparticles, we synthesized several self-assembled nano-
particles with different polymer backbones and investigated
their biodistribution in tumor-bearing mice.>* The scinti-
graphic images of CNPs revealed clear delineation of the
tumor against surrounding tissues, showing the superior
efficiency of CNPs in tumor targeting. In contrast, gelatin or
heparin nanoparticles were washed rapidly out of the blood
circulation. Poly(ethylene glycol) (PEG)—gelatin nanoparti-
cles remained in the blood flow for a longer duration but
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accumulated poorly in tumor. Moreover, three glycol chit-
osan polymers with different molecular weights (20, 100,
and 250 kDa) were modified with cholanic acid at same
molar ratio and tested in mice to evaluate molecular weight
effect of polymer backbone.> The results suggested that
CNPs containing 250 kDa glycol chitosan have increased
blood circulation time, which allows for enhanced tumor
targeting.

Another type of optimization studies for CNP was de-
scribed in a recent paper. In collaboration with Kim group,
we evaluated the in vivo biodistribution and tumor site accu-
mulation of CNPs with or without drug by using radioisotope
imaging (Figure 2).° Two different amounts (3.3% for CNP1
and 7.8% for CNP3) of N-acetyl histidine (NAcHis) were con-
jugated to glycol chitosan as a hydrophobic moiety, and their
biodistribution in tumor-bearing mice was evaluated with '3'I.
Moreover, we further observed the biodistribution of doxor-
ubicin, which is loaded in these two CNPs. Our tumor suppres-
sion data showed that the therapeutic efficacy of nanoparticles
is dependent on the distribution of drugs, and it may differ
from the distribution of bare nanopatrticles. This evidence
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FIGURE 2. Optimization of CNPs with or without drug by radionuclide imaging. (A) Chemical structures of N-acetyl histidine modified glycol chitosan
polymer and isotope-labeled doxorubicin. (B) Scintigraphic images of HT29 tumor-bearing mice after i.v. injection of '3'I-labeled CNPs. The tumor site
was indicated with black arrow in animal. (C) Tissue distributions of '3'I-labeled CNPs after i.v. injection of nanoparticles. (D) Scintigraphic images of
HT29 tumor bearing mice after i.v. injection of 131-labeled DOX-loaded CNPs. The tumor site was indicated with black arrow in animal. (E) Tissue
distributions of '3'I-labeled DOX loaded CNPs (F) Antitumor effect of DOX-CNPs in HT29 tumor bearing mice.

demonstrates that the drug-loading process may highly affect
the physicochemical characteristics of nanoparticles and
alter their in vivo distribution. Moreover, we found that
real-time molecular imaging is useful for optimization of
nanoparticles.*

3. Cell Surface Receptors and Target-Cell-
Specific Delivery of Nanoparticles

Most cells express a large number of receptors on their
surfaces, and the types of receptors vary widely in different
types of cell lines. Consequently, the conjugation of nano-
particles with receptor-binding molecules can selectively
increase the adherence or uptake of nanoparticles to target
cells.” For this purpose, various targeting molecules such as
antibodies, antibody fragments, peptides, and DNA/RNA apta-
mers have been applied to nanoparticles for theranosis.”*’
However, care must be taken to ensure that these targeting
molecules cannot always guarantee the excessively increased
accumulation of nanoparticles in the target organ or tissues but
only can increase the internalization of the nanoparticles by the
target cells.'>?%29 According to many recent papers, the phar-
macokinetics and biodistribution of nanoparticles are largely

dependent on their physicochemical characters; thus these
factors should be considered simultaneously even if targeting
molecules are used.'?

3.1. Atherosclerotic Plaque-Homing Peptide-Conju-
gated Nanoparticles Targeting the Interleukin (IL)-4 Re-
ceptor. Peptides have several advantages over antibodies in
their use as targeting molecules for nanoparticles. For ex-
ample, their manufacturing cost is low, and they have higher
activity per unit. They are also stable, enabling long-term
storage and easy handling. Furthermore, the associated risk
of unintended effects on the host immune system is low, and
their small size is less likely to change the optimized phys-
icochemical properties of nanoparticles.>°

In a previous paper, an atherosclerotic plaque-homing
peptide (CRKRLDRNC; AP peptide) was discovered by phage
display screening. The peptide could adhere to atherosclero-
tic plaque by binding the interleukin (IL)-4 receptors on
macrophages, endothelial cells, and smooth muscle cells.’
In collaboration with Lee group, we developed an efficient
imaging probe for in vivo fluorescence imaging of the athero-
sclerotic lesion by conjugating the AP peptide and Cy5.5 to CNP
(Figure 3)3? The conjugated CNPs demonstrated a higher
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FIGURE 3. AP peptide conjugated CNP for IL-4 receptor targeting and in vivo NIRF imaging of atherosclerotic plaque. (A) Chemical structure of
atherosclerotic plaque-targeting peptide (CRKRLDRNC, AP) conjugated CNP. (B) Illustration of AP—CNPs and their in vivo targeting to atherosclerotic
lesions. (C) Time-dependent fluorospectrometric study to evaluate the binding characteristics of bare and AP—CNPs to unactivated and TNF-o-
activated BAECs. (D) Serial fluorescence Z-section image of activated BAECs bound to AP—CNPs showing that most nanoparticles bound to the
membrane of cells. (E) The NIRF image of the exposed aorta in an Ldlr—/— mouse (1) and in a normal mouse (2) after i.v. injection of AP—CNPs. (F) Oil
Red O lipid staining of aortas in an LdIr—/— mouse (1) and in a normal mouse (2). (G) NIRF microscopy of aortas in an Ldlr—/— mouse (1) and in a

normal mouse (2) after i.v. injection of AP—CNPs.

binding affinity to tumor necrosis factor (TNF)-o-activated bo-
vine aortic endothelial cells (BAECs) than to nonactivated BAECs.
In vivo NIRF imaging data revealed larger amounts of these
AP—Cy5.5—CNPs bound to atherosclerotic lesions in the ather-
osdlerotic mouse which lacks the low-density lipoprotein recep-
tor (Ldlr—/—), than to the same lesions in a normal mouse.
These results may be because of the combinatory effect
of the long circulation by CNPs and the adherence to
atherosclerotic lesion by AP peptide. In addition, the AP
peptide carries great potential for tumor-targeted nano-
particles, because IL-4 receptors are abundant in many
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cancers.?® In another paper, we proved this potential of
AP peptide by conjugation with pH-sensitive micelles and
eliciting successful chemotherapy with doxorubicin in the
breast cancer mouse model.>*

3.2. Hyaluronic Acid (HA) Nanoparticles Targeting the
CD44 Receptor. Hyaluronic acid (HA) is an anionic polysac-
charide and is one of the most abundant polysaccharides in
human and animals.> Because of biocompatibility and low
cost, it has received much attention for application in bio-
medical fields.*®3” Importantly, the use of HA as a targeting
moiety for cancer therapy has been investigated by many
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FIGURE 4. Hyaluronic acid nanoparticle with optimized nanostructure and CD44 receptor-binding activity for tumor targeting. (A) lllustration and
chemical structure of Cy5.5-conjugated HA nanoparticle. (B) Particle size of HA nanoparticles with different amounts of conjugated cholanic acid.
(Q) Particle stability of HA nanoparticles based on intensity ratio (/53s//333) from pyrene excitation spectra. The number after HA-NP indicates the
degree of substitution of cholanic acid. (D) Time-dependent NIRFimages of SCC7 tumor-bearing mice after i.v. injection of HA nanoparticles. (E) In vivo
fluorescence images of HA nanoparticles in tumors with and without preinjection of free-HA. (F) Optical microscopy images of tumor and muscle
tissues stained with CD44 antibody (upper) and NIRF microscopy images (lower) at two days postinjection of HA nanoparticles.

researchers because the HA receptor CD44 is overexpressed
in various cancer cells.3®

In a recent study, we synthesized amphiphilic HA conjugates
by conjugating hydrophobic cholanic acid and hydrophilic HA
in collaboration with Park group.3 The resulting HA conjugates
could self-assemble into stable nanoparticles in aqueous solu-
tion, as in the case of GC nanoparticles, and was expected to
efficiently contain and deliver the drugs or imaging agents.

The in vivo targeting mechanism of HA nanoparticles to the
tumor site is evaluated in another paper (Figure 4).*° HA can be
used not only as the stable hydrophilic shell of nanoparticles
but also as the targeting moiety that binds to receptors on
tumor cells. However, the in vivo tumor-targeting efficiency of
HA nanoparticles was significantly dependent on the quantity
of hydrophobic cholanic acid. This result demonstrates that
stable nanoparticles are advantageous for targeting tumors,
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sensitizer in SCC7 tumor-bearing mice after injection of PpIX-loaded pH-sensitive micelle. (C) Ex vivo organ distribution of PpIX in panel B. (D) In vivo
photodynamic tumor therapy with pH-sensitive micelle and PpIX. (E) H&E staining of SCC7 tumor tissues from panel D.

and prolonged circulation is required for sufficient binding to
target cell receptors. In addition, we have shown that the
physicochemically optimized nanostructure and receptor tar-
geting moiety can be simultaneously created with only two
components, HA and hydrophobic cholanic acid.

4. Chemical and Biological Environment of
Target Site and Stimuli-Responsive Delivery
Many chemical or biological changes in the microenviron-
ment are generated in the human body during disease or
inflammation. Typical changes indicating an abnormal state
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include temperature, pH, enzyme levels, and oxygen con-
centration. These particular properties of the disease site
have been investigated extensively to understand the me-
chanisms of disease and develop diagnostic methods or
drugs.*"*? Interestingly, such information is also highly
valuable for the development of theranostic nanopatrticles,
which can be designed to detect these stimuli and release
drugs or imaging agent at target disease site.*>**

4.1. pH-Sensitive Micelle for Tumor and Ischemic Re-
gion Targeting. Acidic pH microenvironment is an unstable
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FIGURE 6. Enzyme-responsive probes with quenched cleavable peptide conjugated CNP and in vivo matrix metalloproteinase (MMP) imaging in
tumors. (A) Design concept of MMP enzyme-responsive fluorescence probes based on cleavable peptide and CNP. (B) Passive tumor targeting and
MMP-responsive NIRF imaging of nanoparticle probe. (C) In vivo NIRFimaging of MMP enzymes in SCC7 flank tumor model using nanoparticle probe.
(D) NIRF signals of tumor tissues from panel C with and without inhibitor. (E) Ex vivo NIRF tumor and organ images of mice injected with nanoparticle
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saline-treated animals (c). (F) Photo images and imunohistological analysis of colon cancers from mice injected with nanoparticle probes.

state of pH homeostasis that can originate from ischemia,
inflammation, wound healing, infection, and cancer.>4®
The extracellular pH in most tumor tissues is lower than that
in normal tissue because of insufficient vascular formation
and increased glycolysis.*” A similar acidic pH related to
neuronal cell injury has also been observed in brain tissue
affected by ischemic stroke.*®

In a recent paper, we used a pH-sensitive polymeric
micelle as an in vivo targeted delivery system to the acidic
site in collaboration with Lee group.*® The micelle is com-
posed of hydrophilic poly(ethylene glycol) (PEG) and pH-
sensitive poly(amino ester) (PAE), and it self-assembles into a
stable micelle that can carry drugs or imaging agents at a

normal pH (>7). However, the micelle exhibits pH-sensitive
disruption at acidic pH because the tertiary amine groups in
the hydrophobic PAE block protons and become hydrophi-
lic. Initially, this micelle was designed for tumor-targeted
drug delivery, and in vivo tumor suppression experiments
with doxorubicin and camptothecin have proven the suc-
cess of this goal.*® Moreover, this micelle has been shown to
enable noninvasive in vivo fluorescence imaging of the
tumor site and MRI of brain ischemia.>®>" For photodynamic
therapy, tumor-targeted delivery of hydrophobic photosen-
sitizers with this micelle resulted in simultaneous tumor
diagnosis and therapy based on the fluorescence and singlet
oxygen from photosensitizers (Figure 5).>2
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4.2. Enzyme-Responsive Peptide-Based Nanoparticles.
Enzymes play an essential role in many biomedical pro-
cesses like metastasis and angiogenesis of tumor tissue and
degradation of the extracellular matrix in arthritis.> At the
disease site, certain enzymes are overexpressed at particular
stages of the disease, and many researchers have investi-
gated these enzymes as targets of diagnosis and therapy.>*
Among these enzymes, a large number have proteolytic
activity and cleave specific peptide sequences from proteins
that are critical in many mechanisms of disease or immune
defense.>> Knowledge of specific peptide sequences and
degradation can be applied usefully to achieve enzyme-
responsive release of imaging agents or drugs.>®>’

Matrix metalloproteinases (MMPs) play a role in certain
inflammatory diseases and cancer progression and are there-
fore potentially useful for imaging or drug delivery to target
sites in diseases like arthritis or cancer.>® In a recent study, we
developed NIRF nanoprobes composed of CNPs and dark-
quenched peptide-based probes (Figure 6).>° We expected
that CNP could carry a large number of peptide probes and
efficiently deliver them to the tumor site, where the MMP-
responsive cleavage of the peptide would trigger the release
of Cy5.5 and generate NIRF signal. The in vivo utility of this
system was investigated in the flank tumor- and colon cancer-
bearing mouse model, and significant NIRF signal recovery in
the tumor tissue was observed. Furthermore, the peptide-
based probe without CNP displayed weaker signal in the
tumor tissue, and this finding indicates that this nanoparticle
system is advantageous for in vivo targeted delivery. Further
applications of this system on other diseases or drug delivery
have been accomplished or are ongoing in our laboratory.®°

5. Concluding Remarks

In this Account, we have described our rational strategies about
theranostic nanoparticles for in vivo targeted delivery of
imaging agents or drugs. On the basis of physicochemical
optimization, receptor-mediated cell targeting, and stimulus-
responsive release at the target site, we developed novel
nanoparticles and applied them successfully to both in vivo
diagnosis and therapy.”® These studies also highlight the
importance of in vivo molecular imaging techniques to devel-
op nanoparticles for targeted delivery. In accordance with the
old proverb, “Seeing is believing,” observing in vivo distribution
and target site accumulation of nanoparticles could provide
valuable insight for further optimization of them.* For this
purpose, we have mainly used fluorescence and radio ima-
ging, and these types of in vivo imaging studies could save a
large amount of time and effort for achieving goals.

1026 = ACCOUNTS OF CHEMICAL RESEARCH = 1018-1028 = 2011 = Vol. 44, No. 10

In addition, some researchers often overlook the impor-
tance of biocompatible materials for further application in
real clinical fields. For clinical applications, the biocompat-
ibility and excretion of nanoparticles are essential, and
approval for their biomedical usage by the Food and Drug
Administration (FDA) should be sought.’' Therefore, we
have obtained our chitosan derivative and hyaluronic acid
from biological sources, used PEG approved by the FDA, and
used biodegradable PAE for nanoparticle fabrication.

Various nanoparticles are currently being developed for
in vivo imaging and therapy, and this Account could provide
valuable information for the design, development, and opti-
mization of such nanoparticles. We hope that novel thera-
nostic nanoparticles will realize ideal personalized medicines
in the near future and contribute greatly to optimized therapy
for individual patients in clinical fields.®*

BIOGRAPHICAL INFORMATION

Heebeom Koo was born in 1980 in Anyang, South Korea. He
received his B.S. in 2002 and his Ph.D. in 2009 from the Depart-
ment of Chemistry at Seoul National University under the guidance
of Dr. Jong-sang Park. His Ph.D. thesis involved the design and
development of novel biodegradable polymeric carriers for drug
and gene delivery. He is currently conducting postdoctoral re-
search at the Center for Theragnosis in KIST under the supervision
of Dr. Ick Chan Kwon. His research interests include molecular
imaging, drug delivery, and gene delivery for diagnosis and therapy.
Myung Sook Huh was born in 1969 in Seoul, South Korea. She
received her Ph.D. from the Department of Microbiology and
Immunology at the Seoul National University, College of Medicine,
Korea, under the supervision of Dr. Ik-Sang Kim. Her previous work
includes the development of novel antibacterial vaccines and drug
delivery systems. She joined Dr. Kwon's group at the Center for
Theragnosis in KIST in 2008 as a postdoctoral researcher. Cur-
rently, her research interests include the development of molecular
imaging nanoprobes and novel gene therapeutics for cancer
therapy.

In-Cheol Sun was born in 1981 in Seoul, South Korea. He is
currently a research scientist at the Center for Theragnosis in
KIST. He received his B.S. and M.S. degrees from the Department
of Materials Science and Engineering at Seoul National University
in 2008 under the guidance of Dr. Cheol-Hee Ahn. His work
includes the design and development of molecularimaging probes
and therapeutic agents using nanoparticles.

Soon Hong Yuk was born in 1959 in Seoul, South Korea. He is
currently a professor in College of Pharmacy at Korea University.
He received his Ph.D. from the Department of Chemistry, Korea
Advanced Institute of Science and Technology (KAIST) in 1987.
Then, he joined in the Department of Pharmaceutics and Pharma-
ceutical Chemistry at the University of Utah as a postdoctral fellow
from 1987 to 1989. Also, he worked in Korea Research Institute of



Chemical Technology (KRICT) to 1999 and Hannam University to
2010. His current research interests are development and applica-
tion of biocompatible delivery systems for effective diagnosis and
therapy with chemical or protein drugs.

Kuiwon Choi was born in 1958 in Busan, South Korea. He is
currently the Head of the Biomedical Research Institute in KIST. He
received his B.S. and M.S. degrees from the College of Engineering
at Seoul National University, and his Ph. D. in Bioengineering from
University of Michigan in 1991. After postdoctoral training at
Henry Ford Hospital in Detroit, he joined KIST in 1993. He served
as an Editor-in-chief of the Journal of Biomedical Engineering
Research (1998—2003), a president of the Korean Society of
Biomechanics (2006—2007), and also an International Advisory
Committee Member of Asian Pacific Association of Biomechanics.
His main research interest is medical device systems and is now
expanding to the development of new diagnostic and therapeutic
systems utilizing molecular imaging techniques.

Kwangmeyung Kim was born in 1970 in Busan, South Korea.
He is a principle research scientist at the Center for Theragnosis in
KIST. He received his Ph.D. in 2003 from the Department of Materials
Sdence and Engineering at Gwangju Institute of Science and
Technology (GIST), Korea, under the supervision of Dr. Youngro
Byun. He joined Dr. Kwon's group at KIST and developed cancer-
specific optical imaging systems. His research focuses on noninva-
sive cancer-specific molecular imaging and therapeutic/diagnostic
nanoprobes; he develops smart nanoplatform technology for future
diagnosis and therapy of various diseases. He has published over 80
peer-reviewed papers and has over 20 patents.

Ick Chan Kwon was born in 1959 in Daegu, South Korea. He is
currently the Head of the Center for Theragnosis in KIST. He
received his Ph.D. in 1993 in pharmaceutics and pharmaceutical
chemistry from the University of Utah in 1993. He serves as the
president of the Korean Society of Molecular Imaging, as an
Associate Editor of the Journal of Controlled Release, as an Asian
Editor of the Journal of Biomedical Nanotechnology, and as a
member of several editorial boards. His current research interests
are targeted drug delivery with polymeric nanoparticles and the
development of smart nanoplatforms for theranosis. He has pub-
lished over 180 peer-reviewed papers and has given over 60
national and international invited lectures.

This work is supported by Global Research Laboratory (GRL) Project,
Real-Time Molecular Imaging Project, Fusion Technology Project
(Grant 2009-0081876) of MEST, National R&D Program for Cancer
Control of Ministry for Health and Welfare from Republic of Korea
(Grant 1020260), and the Intramural Research Program of KIST.

FOOTNOTES

*To whom correspondence should be addressed. E-mail addresses: Kim@kist.re.kr (K.K.);
ikwon@kist.re.kr (.C.K.).
$These authors contributed equally.

REFERENCES

1 Thakare, V. S.; Das, M.; Jain, A. K.; Patil, S.; Jain, S. Carbon nanotubes in cancer
theragnosis. Nanomedicine 2010, 5, 1277-1301.

In Vivo Targeted Delivery of Nanoparticles Koo et al.

2 Nie, S.; Xing, Y.; Kim, G. J.; Simons, J. W. Nanotechnology applications in cancer. Annu.
Rev. Biomed. Eng. 2007, 9, 257—-288.

3 Liu, Y.; Miyoshi, H.; Nakamura, M. Nanomedicine for drug delivery and imaging: A
promising avenue for cancer therapy and diagnosis using targeted functional nanoparticles.
Int. J. Cancer 2007, 120, 2527-2537.

4 Willmann, J. K.; van Bruggen, N.; Dinkelborg, L. M.; Gambhir, S. S. Molecular imaging in
drug development. Nat. Rev. Drug Discovery 2008, 7, 591-607.

5 Nune, S. K,; Gunda, P.; Thallapally, P. K.; Lin, Y.-Y.; Laird Forrest, M.; Berkland, C. J.
Nanoparticles for biomedical imaging. Expert Opin. Drug Delivery 2009, 6, 1175-1194.

6 Allen, T. M.; Cullis, P. R. Drug delivery systems: Entering the mainstream. Science 2004,
303,1818-1822.

7 Byme, J. D.; Betancourt, T.; Brannon-Peppas, L. Active targeting schemes for nanoparticle
systems in cancer therapeutics. Adv. Drug Delivery Rev. 2008, 60, 1615-1626.

8 Janib, S. M.; Moses, A. S.; MacKay, J. A. Imaging and drug delivery using theranostic
nanoparticles. Adv. Drug Delivery Rev. 2010, 62, 1052—1063.

9 Park, K;; Lee, S.; Kang, E.; Kim, K.; Choi, K.; Kwon, I. C. New generation of multifunctional
nanoparticles for cancer imaging and therapy. Adv. Funct. Mater. 2009, 19, 1553—-1566.

10 Lee, J.-H.; Lee, K.; Moon, Seung, H.; Lee, Y.; Park, Tae, G.; Cheon, J. All-in-one target-cell-
specific magnetic nanoparticles for simultaneous molecular imaging and SiRNA delivery.
Angew. Chem., Int. Ed. 2009, 48, 4174-4179.

11 Choi, J.-s.; Lee, J.-H.; Shin, T.-H.; Song, H.-T.; Kim, E. Y.; Cheon, J. Self-confirming “AND”
logic nanoparticles for fault-free MRI. J. Am. Chem. Soc. 2010, 132, 11015-11017.

12 Xie, J.; Lee, S.; Chen, X. Nanoparticle-based theranostic agents. Adv. Drug Delivery Rev.
2010, 62, 1064-1079.

13 Phillips, M. A.; Gran, M. L.; Peppas, N. A. Targeted nanodelivery of drugs and diagnostics.
Nano Today 2010, 5, 143—159.

14 Fox, M. E.; Szoka, F. C.; Fréchet, J. M. J. Soluble polymer carriers for the treatment of
cancer: The importance of molecular architecture. Acc. Chem. Res. 2009, 42, 1141—
1151.

15 Jun, Y.-w.; Seo, J.-w.; Cheon, J. Nanoscaling laws of magnetic nanoparticles and their
applicabilities in biomedical sciences. Acc. Chem. Res. 2008, 41, 179-189.

16 Petros, R. A.; DeSimone, J. M. Strategies in the design of nanoparticles for therapeutic
applications. Nat. Rev. Drug Discovery 2010, 9, 615-627.

17 Danhier, F.; Feron, O.; Préat, V. To exploit the tumor microenvironment: Passive and active
tumor targeting of nanocarriers for anti-cancer drug delivery. J. Controlled Release 2010,
148, 135-146.

18 Maeda, H. The enhanced permeability and retention (EPR) effect in tumor vasculature: the
key role of tumor-selective macromolecular drug targeting. Adv. Enzyme Regul. 2001, 41,
189-207.

19 Koch, A. E. Angiogenesis: Implications for rheumatoid arthritis. Arthritis Rheum. 1998, 47,
951-962.

20 Saravanakumar, G.; Min, K. H.; Min, D. S.; Kim, A. Y.; Lee, C.-M.; Cho, Y. W.; Leg, S. C.;
Kim, K.; Jeong, S. Y.; Park, K.; Park, J. H.; Kwon, I. C. Hydrotropic oligomer-conjugated
glycol chitosan as a carrier of paclitaxel: Synthesis, characterization, and in vivo
biodistribution. J. Controlled Release 2009, 140, 210-217.

21 Nam, T,; Park, S.; Lee, S.-Y.; Park, K.; Choi, K.; Song, I. C.; Han, M. H.; Leary, J. J.; Yuk,
S. A.; Kwon, I. C.; Kim, K.; Jeong, S. Y. Tumor targeting chitosan nanoparticles for dual-
modality optical/MR cancer imaging. Bioconjugate Chem. 2010, 21, 578-582.

22 Lee, S. J.; Koo, H.; Lee, D.-E.; Min, S.; Lee, S.; Chen, X,; Choi, Y.; Leary, J. F,; Park, K.;
Jeong, S. Y.; Kwon, I. C.; Kim, K.; Chai, K. Tumor-homing photosensitizer-conjugated glycol
chitosan nanoparticles for synchronous photodynamic imaging and therapy based on
cellular on/off system. Biomaterials 2011, 32, 4021-4029.

23 Kim, K.; Kim, J. H.; Park, H.; Kim, Y.-S.; Park, K.; Nam, H.; Lee, S.; Park, J. H.; Park, R.-W.;
Kim, I.-S.; Choi, K.; Kim, S. Y.; Park, K.; Kwon, I. C. Tumor-homing multifunctional
nanoparticles for cancer theranosis: Simultaneous diagnosis, drug delivery, and therapeutic
monitoring. J. Controlled Release 2010, 146, 219-227.

24 Cho, Y. W.; Park, S. A.;Han, T.H.; Son, D. H.; Park, J. S.; Oh, S. J.; Moon, D. H; Cho, K.-J.;
Anhn, C.-H.; Byun, Y.; Kim, I.-S.; Kwon, I. C.; Kim, S. Y. In vivo tumor targeting and
radionuclide imaging with self-assembled nanoparticles: Mechanisms, key factors, and
their implications. Biomaterials 2007, 28, 1236—1247.

25 Park, K.; Kim, J.-H.; Nam, Y. S.; Lee, S.; Nam, H. Y.; Kim, K.; Park, J. H.; Kim, |.-S.; Choi, K ;
Kim, S.Y.; Kwon, I. C. Effect of polymer molecular weight on the tumor targeting
characteristics of self-assembled glycol chitosan nanoparticles. J. Controlled Release
2007, 122, 305-314.

26 Lee, B.S; Park, K.; Park, S.; Kim, G. C.; Kim, H. J.; Lee, S.; Kil, H.; Oh, S. J.; Chi, D.; Kim,
K.; Choi, K.; Kwon, I. C.; Kim, S. Y. Tumor targeting efficiency of bare nanoparticles does not
mean the efficacy of loaded anticancer drugs: Importance of radionuclide imaging for
optimization of highly selective tumor targeting polymeric nanoparticles with or without drug.
J. Controlled Release 2010, 147, 253-260.

27 Farokhzad, 0. C.; Karp, J. M.; Langer, R. Nanoparticle—aptamer bioconjugates for cancer
targeting. Expert Opin. Drug Delivery 2006, 3, 311-324.

Vol. 44, No. 10 = 2011 = 1018-1028 = ACCOUNTS OF CHEMICAL RESEARCH = 1027



In Vivo Targeted Delivery of Nanoparticles Koo et al.

28 Bartlett, D. W.; Su, H.; Hildebrandt, I. J.; Weber, W. A.; Davis, M. E. Impact of tumor-
specific targeting on the biodistribution and efficacy of siRNA nanoparticles measured
by multimodality in vivo imaging. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 15549—
15554,

29 Kirpotin, D. B.; Drummond, D. C.; Shao, Y.; Shalaby, M. R.; Hong, K.; Nielsen, U. B.; Marks,
J. D.; Benz, C. C.; Park, J. W. Antibody targeting of long-circulating lipidic nanoparticles
does not increase tumor localization but does increase internalization in animal models.
Cancer Res. 2006, 66, 6732—6740.

30 Ladner, R. C.; Sato, A. K.; Gorzelany, J.; de Souza, M. Phage display-derived peptides as
therapeutic alternatives to antibodies. Drug Discovery Today 2004, 9, 525-529.

31 Hong, H.-y.; Lee, H. Y.; Kwak, W.; Yoo, J.; Na, M.-H.; So, I. S.; Kwon, T.-H.; Park, H.-S.;
Huh, S.; Oh, G. T.; Kwon, 1.-C.; Kim, |.-S.; Lee, B.-H. Phage display selection of peptides that
home to atherosclerotic plaques: IL-4 receptor as a candidate target in atherosclerosis.
J. Cell. Mol. Med. 2008, 12, 2003-2014.

32 Park, K.; Hong, H.-Y.; Moon, H. J.; Lee, B.-H.; Kim, 1.-S.; Kwon, I. C.; Rhee, K. A new
atherosclerotic lesion probe based on hydrophobically modified chitosan nanoparticles
functionalized by the atherosclerotic plaque targeted peptides. J. Controlled Release 2008,
128, 217-223.

33 Kawakami, M.; Kawakami, K.; Stepensky, V. A.; Maki, R. A.; Robin, H.; Muller, W.; Husain,
S. R.; Puri, R. K. Interleukin 4 receptor on human lung cancer. Clin. Cancer. Res. 2002, 8,
3503-3511.

34 Wu, X. L.; Kim, J. H.; Koo, H.; Bag, S. M.; Shin, H.; Kim, M. S.; Lee, B.-H.; Park, R.-W.; Kim,
I.-S.; Choi, K.; Kwon, I. C.; Kim, K.; Lee, D. S. Tumor-targeting peptide conjugated pH-
responsive micelles as a potential drug carrier for cancer therapy. Bioconjugate Chem.
2010, 217, 208-213.

35 Lapcik, L.; De Smedt, S.; Demeester, J.; Chabrecek, P. Hyaluronan: Preparation, structure,
properties, and applications. Chem. Rev. 1998, 98, 2663—2684.

36 Lee, H.; Lee, K.; Park, T. G. Hyaluronic acid—Paclitaxel conjugate micelles: Synthesis,
characterization, and antitumor activity. Bioconjugate Chem. 2008, 19, 1319—1325.

37 Kim, K. S.; Hur, W.; Park, S.-J.; Hong, S. W.; Choi, J. E.; Goh, E. J.; Yoon, S. K.; Hahn, S. K.
Bioimaging for targeted delivery of hyaluronic acid derivatives to the livers in cirrhotic mice
using quantum dots. ACS Nano 2010, 4, 3005-3014.

38 Toole, B. P. Hyaluronan: From extracellular glue to pericellular cue. Nat. Rev. Cancer 2004,
4, 528-539.

39 Choi, K. Y.; Min, K. H.; Na, J. H.; Choi, K.; Kim, K.; Park, J. H.; Kwon, I. C.; Jeong, S. Y. Self-
assembled hyaluronic acid nanoparticles as a potential drug carrier for cancer therapy:
Synthesis, characterization, and in vivo biodistribution. J. Mater. Chem. 2009, 19, 4102—
4107.

40 Choi, K. Y.; Chung, H.; Min, K. H.; Yoon, H. Y.; Kim, K.; Park, J. H.; Kwon, I. C.; Jeong, S. Y.
Self-assembled hyaluronic acid nanoparticles for active tumor targeting. Biomaterials 2010,
31, 106-114.

41 Fang, J.; Seki, T.; Maeda, H. Therapeutic strategies by modulating oxygen stress in cancer
and inflammation. Adv. Drug Delivery Rev. 2009, 61, 290-302.

42 Lee,S.; Xie, J.; Chen, X. Peptides and peptide hormones for molecular imaging and disease
diagnosis. Chem. Rev. 2010, 1710, 3087-3111.

43 Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. A review of stimuli-responsive
nanocarriers for drug and gene delivery. J. Controlled Release 2008, 126, 187—204.

44 Koo, H.; Huh, M. S.; Ryu, J. H.; Lee, D.-E.; Sun, I.-C.; Choi, K.; Kim, K.; Kwon, I. C.
Nanoprobes for biomedical imaging in living systems. Nano Today 2011, 6, 204—
220.

1028 = ACCOUNTS OF CHEMICAL RESEARCH = 1018-1028 = 2011 = Vol. 44, No. 10

45 Ferrari, L. A.; Giannuzzi, L. Clinical parameters, postmortem analysis and estimation of lethal
dose invictims of a massive intoxication with diethylene glycol. Forensic Sci. Int. 2005, 153,
45-51.

46 Schneider, L.; Korber, A.; Grabbe, S.; Dissemond, J. Influence of pH on wound-healing: A
new perspective for wound-therapy? Arch. Dermatol. Res. 2007, 298, 413-420.

47 Lindner, D.; Raghavan, D. Intra-tumoural extra-cellular pH: A useful parameter of response
to chemotherapy in syngeneic tumour lines. Br. J. Cancer 2009, 100, 1287-1291.

48 Huang, Y.; McNamara, J. 0. Ischemic stroke: “Acidotoxicity” is a perpetrator. Cell 2004,
118, 665—-666.

49 Ko, J.; Park, K.; Kim, Y.-S.; Kim, M. S.; Han, J. K.; Kim, K.; Park, R.-W.; Kim, I.-S.; Song,
H. K,; Lee, D. S.; Kwon, I. C. Tumoral acidic extracellular pH targeting of pH-responsive
MPEG-poly([beta]-amino ester) block copolymer micelles for cancer therapy. J. Controlled
Release 2007, 123, 109-115.

50 Ko, J.Y.; Park, S,; Lee, H.; Koo, H.; Kim, M. S.; Choi, K.; Kwon, I. C.; Jeong, S. Y.; Kim, K.;
Lee, D. S. pH-sensitive nanoflash for tumoral acidic pH imaging in live animals. Small2010,
6, 2539-2544.

51 Gao, G. H.; Im, G. H.; Kim, M. S,; Lee, J. W.; Yang, J.; Jeon, H.; Lee, J. H,; Lee, D. S.
Magnetite-nanoparticle-encapsulated pH-responsive polymeric micelle as an MRI probe for
detecting acidic pathologic areas. Small 2010, 6, 1201-1204.

52 Koo, H.; Lee, H.; Lee, S.; Min, K. H.; Kim, M. S; Leg, D. S.; Choi, Y.; Kwon, I. C.; Kim, K;
Jeong, S. Y. In vivo tumor diagnosis and photodynamic therapy via tumoral pH-responsive
polymeric micelles. Chem. Commun. 2010, 46, 5668-5670.

53 Afjehi-Sadat, L.; Gruber-Olipitz, M.; Felizardo, M.; Slave, 1.; Lubec, G. Expression of
proteasomal proteins in ten different tumor cell lines. Amino Acids 2004, 27, 129-140.

54 Funovics, M.; Weissleder, R.; Tung, C.-H. Protease sensors for bioimaging. Anal. Bioanal.
Chem. 2003, 377, 956-963.

55 Merchan, J. R.; Tang, J.; Hu, G.; Lin, Y.; Mutter, W.; Tong, C.; Karumanchi, S. A.; Russell,
S. J.; Sukhatme, V. P. Protease activity of urokinase and tumor progression in a syngeneic
mammary cancer model. J. Natl. Cancer Inst. 2008, 98, 756—764.

56 Lee, S.; Xie, J.; Chen, X. Peptide-based probes for targeted molecular imaging.
Biochemistry 2010, 49, 1364—1376.

57 Chau, Y.; Padera, R. F.; Dang, N. M.; Langer, R. Antitumor efficacy of a novel polymer-
peptide-drug conjugate in human tumor xenograft models. Int. J. Cancer 2006, 118,
1519-1526.

58 Lee, S.; Cha, E.-J.; Park, K; Lee, S.-Y.; Hong, J.-K.; Sun, 1.-C.; Kim, Sang, Y.; Choi, K;;
Kwon, 1. C.; Kim, K.; Ahn, C.-H. A near-infrared-fluorescence-quenched gold-nanoparticle
imaging probe for in vivo drug screening and protease activity determination. Angew.
Chem., Int. Ed. 2008, 47, 2804-2807 .

59 Lee, S.;Ryu, J. H.; Park, K.; Lee, A.; Lee, S.-Y.; Youn, 1.-C.; Ahn, C.-H.; Yoon, S. M.; Myung,
S.-J.; Moon, D. H.; Chen, X.; Choi, K.; Kwon, I. C.; Kim, K. Polymeric nanoparticle-based
activatable near-infrared nanosensor for protease determination in vivo. Nano Lett. 2009, 9,
4412-4416.

60 Kim, D.-E.; Kim, J.-Y.; Schellingerhout, D.; Kim, E.-J.; Kim, H. K,; Leg, S.; Kim, K.; Kwon,
|. C.; Shon, S.-M.; Jeong, S.-W.; Im, S.-H.; Lee, D. K.; Lee, M. M.; Kim, G.-E. Protease
imaging of human atheromata captures molecular information of atherosclerosis, com-
plementing anatomic imaging. Arterioscler., Thromb., Vasc. Biol. 2010, 30, 449-456.

61 Maurer-Jones, M. A.; Bantz, K. C.; Love, S. A.; Marquis, B. J.; Haynes, C. L. Toxicity of
therapeutic nanoparticles. Nanomedicine 2009, 4, 219-241.

62 Yeatman, T. J.; Mule, J.; Dalton, W. S.; Sullivan, D. On the eve of personalized medicine in
oncology. Cancer Res. 2008, 68, 7250-7252.



