Chapter 17
Theranostics: In Vivo

Viktorija Herceg, Norbert Lange and Eric Allémann

Abstract Theranostics is a portmanteau of thera(py) and (diag)nostics. It is an
interdisciplinary field of research that unites pharmaceutical technology, chemistry,
imaging, and medicine with the purpose of creating a single drug delivery system
able to diagnose, treat, and monitor disease. In this chapter, the reader will be
presented with an overview of the state-of-the-art developments in theranostics in
which clinically relevant imaging modalities are combined with polymers,
lipid-based systems, inorganic assemblies, antibody conjugates, and gene delivery
vehicles. Here, special emphasis will be placed on the systems tested in vivo.

Keywords Theranostics « In vivo - Polymer systems - Lipid-based systems -
Inorganic assemblies - Gene therapy

1 Introduction

In order to overcome the pitfalls of conventional xenobiotics, such as high toxicity,
adverse effects, multiple-drug resistance (MDR), low drug diffusion into the target
sites, and rapid clearance from the body, a rational approach to designing
nanoconstructs with multiple functions was developed. In this context, nanomedi-
cine can be defined as the application of nanotechnology for in vitro and in vivo
medical purposes. The advent of nanomedicine began in the mid-1990s when
liposomal doxorubicin formulations (Doxil® and Daunoxome®) gained market
approval as anticancer therapeutics. This was directly followed by paclitaxel-loaded
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Table 1 Classification of theranostics

Therapeutic approach | Treatment Imaging modality References
mechanism
Conventional Active OI/MRI/PET/SPECT | Agulla et al. (2014a), Alexiou
treatment pharmacological et al. (2000), de Smet et al.
ingredient (2011), Grange et al. (2010),

Kaida et al. (2010), Lammers

et al. (2009), Lee et al. (2013),
Nurunnabi et al. (2010), Ponce
et al. (2007), Quan et al. (2011),
Ranjan et al. (2012), Topete

et al. (2014), Wu et al. (2014),
Yu et al. (2008)

Photothermal therapy | Heat OI/MRI/US Bardhan et al. (2010), Charan
et al. (2012), Cheng et al. (2012,
Gao et al. (2014), O’Neal et al.
(2004), Peng et al. (2011)

PDT PS/light/O, (0) Topete et al. (2014), Gabriel

et al. (2009), Jang et al. (2011),
Zeisser-Labouebe et al. (2009)

Gene therapy Oligonucleotides | O/MRI/PET/SPECT | Wang et al. (2012), Wang et al.
(2013)

Radioimmunotherapy | X-rays OI/PET/SPECT Bander et al. (2005), Stillebroer
et al. (2013), Tagawa et al.
(2013)

nanoparticles (Abraxane®) (Modery-Pawlowski and Gupta 2014). Most impor-
tantly, due to their intrinsic multimodal nature, nanoparticulate drug delivery sys-
tems have opened new doors toward the development of theranostic agents. In such
systems, a therapeutic and an imaging agent are contained in the same delivery
vehicle. Theranostics provides the real-time monitoring of a given treatment in a
noninvasive manner. It grants patients a better therapeutic outcome by maximizing
the safety profiles. Depending on the design and characteristics of theranostic
systems, they can be classified as treatments with an active pharmaceutical ingre-
dient, photothermal therapy, photodynamic therapy (PDT), gene therapy,
radioimmunotherapy, or combinations of the abovementioned strategies (Table 1).
In this sense, supramolecular nanoconstructs as drug/imaging agent carriers provide
potential advantages over small molecules, such as improved bioavailability,
decreased systemic toxicity, and reduced severity of adverse effects (Hoste et al.
2004). Moreover, the use of nanocarriers provides a way to efficiently deliver
poorly water-soluble drugs and enables the incorporation of multiple imaging tags
in a single platform. Most importantly, the use of polymer nanosystems allows the
encapsulation of multiple agents in a confined space even when the therapeutic and
imaging agents are distinct chemical entities. Taken together, these advantages
make polymer systems good candidates for theranostic purposes. A polymer-based
nanotheranostic system is composed of a polymer, therapeutic agent, and an
imaging agent. Targeting ligands may be added to these structures to enhance the
treatment specificity (Fig. 1).
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Fig. 1 Schematic
representation of
polymer-based
nanotheranostic systems
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There are two ways of delivering nanoparticles (NPs) to the desired site of
action: passive and active targeting. The former depends on the enhanced perme-
ability and retention (EPR) effect, first reported by Matsumura and Maeda (1986).
EPR is typically described in tumor biology and is characterized by the combination
of the leaky architecture of angiogenic blood vessels with fenestrations between
adjacent endothelial cells and a poor lymphatic drainage inside the tissue
(Hagendoorn et al. 2006). As a result, NPs are able to better extravasate and
accumulate inside solid tumors. Numerous factors, including anatomical and
microscopic defects in the tumor vasculature, the presence of molecular factors in
the extracellular matrix, such as vascular endothelial growth factor (VEGF), bra-
dykinin, prostaglandins, nitric oxide, peroxynitrite, and proteolytic activity, can
have an impact on the EPR effect (Iyer et al. 2006). Improvement of the theranostic
agents may be achieved by adding active targeting moieties.

Active targeting strategies can be classified into the following categories (Fig. 2):

1. attaching ligands onto the surface of NPs, such as antibodies, antibody frag-
ments, affibodies, peptides, nucleic acids, and others (vitamins and carbohy-
drates), that bind to the receptors of the targeted cells (Peer et al. 2007; Accardo
et al. 2013);

2. using of tissue-specific physiological triggers, such as enzymatically cleavable
(Gabriel et al. 2009) or pH-responsive linkers; and

3. physical targeting by externally applied magnetic fields, ultrasound, light
(McCarthy et al. 2010), or heat (Ganta et al. 2008).

Recently published literature on theranostics have reported on systems that were
not necessarily yet tested in vivo (Chen et al. 2011; Mura and Couvreur 2012; Xie
et al. 2010; Janib et al. 2010; Svenson 2013; Luk and Zhang 2014). The purpose of
the present chapter is to address examples of theranostic systems with an emphasis
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Fig. 2 Active targeting strategies. / Attachment of specific ligands to the nanoparticles. 2 Use of
tissue-specific triggers such enzymatic digestion or pH-responsive linkers. 3 Physical targeting by
external impulses

on their in vivo assessments for both therapeutic and diagnostic functions. We will
focus our attention on the imaging modalities used in clinical practice in combi-
nation with a wide range of NPs including polymer conjugates and complexes,
liposomes, micelles, inorganic assemblies, theranostic NPs used for gene delivery,
and antibody conjugates for radioimmunotherapy. The review will be useful to
understand which functionalities may be incorporated into polymer-based NPs to
design tools for theranostic application.

2 Imaging Modalities

Various imaging modalities are available in clinical practice for disease diagnosis
and treatment monitoring. In this chapter we will cover examples of ultrasound
(US), optical imaging, X-ray imaging computed tomography (CT), magnetic
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Table 2 Commonly used imaging modalities

555

Imaging Agent used Spatial Advantages Disadvantages
modality resolution
usS Microbubbles 50 pm High sensitivity, Low depth penetration
no radiation,
quantitative
Optical Fluorochromes 1-5 mm High sensitivity, Low depth penetration
imaging no radiation
CT Iodine or 50 um High spatial Requires high atomic
barium-based resolution, speed mass contrast agents that
agents have to be administered
at molar concentration
MRI Gd chelates, 10— High resolution, Long imaging time
Mn, iron oxide 100 pm no radiation,
nanoparticles unlimited tissue
penetration,
quantitative
PET 18g 150, BN, 1-2 mm High sensitivity, Radiation, limited spatial
e, unlimited tissue resolution
penetration,
quantitative
SPECT PmTe, 21, 1-2 mm High sensitivity, Radiation, limited spatial
13 1L Uy unlimited tissue resolution
penetration,
quantitative

resonance imaging (MRI), and radionuclide-based imaging such as positron
emission tomography (PET) and single-photon emission computed tomography
(SPECT). Table 2 summarizes the main characteristics of the commonly used
clinical imaging modalities. The successful implementation of clinical imaging for
therapeutic monitoring relies on high signal-to-background ratios (SBRs) to reliably
discriminate the diseased and surrounding healthy tissues (Frangioni 2008). With
the current state of nanotechnology, all agents of the aforementioned imaging
techniques can now be incorporated into nanoconstructs for theranostic purposes.

2.1 Ultrasound

Ultrasound imaging is broadly available, noninvasive, relatively easy to implement,
and is one of the most employed diagnostic techniques for the examination of soft
tissues in clinical practice. An US transducer placed on the skin of a patient emits
sound waves that penetrate the body. US images are subsequently created from
backscattered waves coming from different tissue structures. For further contrast
enhancement and differentiation between healthy and diseased tissues, microbubbles
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with unique acoustic properties can be used. Microbubbles are typically 1 to 4 um
spheres of perfluorocarbons surrounded by phospholipids, proteins, or polymers
(Dijkmans et al. 2004; Kiessling et al. 2012) and are designed to circulate within blood
vessels but not extravasate. US imaging has a high enough sensitivity allowing for the
detection of a single microbubble (Deckers and Moonen 2010). Although
microbubbles have been reported as a promising platform for drug delivery (Eisenbrey
et al. 2009, 2010a, b; Cochran et al. 2011), their gas core and the single phospholipid
outer layer of bubbles is unsuitable for the efficient encapsulation of therapeutic
molecules. Another limitation for their application in theranostics is that US-mediated
drug release causes signal loss upon microbubble disruption (Deckers and Moonen
2010). Therefore, subsequent administrations of microbubbles would be required for
treatment monitoring. Although interesting, the concept of using two separate for-
mulations for active drug delivery and for therapeutic monitoring is beyond the scope
of this chapter and will not be further discussed.

2.2 Optical Imaging

Optical imaging uses photons emitted from different sources to visualize living
tissues. Optical imaging can be further categorized as fluorescence imaging, pho-
toacoustic imaging, and absorption-based imaging. Due to its high sensitivity,
fluorescence imaging is the primary optical image technique used in clinical
practice. However, photoacoustic imaging and diffusion-based techniques have
recently gained the attention of clinicians (Choe et al. 2009; O’Sullivan et al. 2013;
Leproux et al. 2013). Unlike MRI, SPECT, PET, or CT, optical imaging permits the
monitoring of the treatment during surgical interventions (Keereweer et al. 2011;
van Driel et al. 2014; van Dam et al. 2011; Heath et al. 2012). Optical imaging is
safe for patients, relatively simple to use, and can be repeated frequently. The major
limitation for optical imaging is the low penetration of light into deeply seated sites
due to light scattering in the tissue. Furthermore, if improperly selected, the
fluorescent signal of the contrast agent may interfere with tissue autofluorescence.
Today, most of the optical imaging studies are directed toward near-infrared
(NIR) markers, which offer better results for in vivo diagnoses and treatment
monitoring. The advantages of NIR imaging include the increased penetration of
light into tissues and an increased SBR due to a low tissue autofluorescence at these
wavelengths (Keereweer et al. 2011; Adams et al. 2007). Currently, there are
numerous studies describing NIR-guided open surgery, laparoscopy, thoracoscopy,
and robot-assisted surgery (Vahrmeijer et al. 2013; Keereweer et al. 2013). Agents
that are routinely employed in intraoperative fluorescence imaging are methylene
blue, indocyanine green (ICG), and 5-aminolevulinic acid (5-ALA) (Vahrmeijer
et al. 2013). Intravital microscopy and whole-body photonic imaging are techniques
in which optical fluorescence imaging is employed in vivo (Mulder et al. 2007).
Photoacoustic imaging (PAI) is a newly developed technique that provides
high-resolution images in tissues beyond the limit of optical diffusion. PAI uses
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chromophores, which induce a thermoelastic expansion in the tissue when excited.
This generates an acoustic pressure waves that can be measured by an ultrasound
transducer (Ng et al. 2014; Huynh et al. 2014).

NIR diffuse optical tomography and spectroscopy are two rapidly developing fields
for disease detection and diagnosis. These absorption-based imaging techniques
employ low-power NIR light to measure wavelength-dependent optical absorption
coefficients in tissues. The results obtained by this measurement provide direct
information about physiological properties, such as blood dynamics, total hemoglobin
concentration, oxygen saturation, and water and lipid concentrations (Choe et al. 2009;
O’Sullivan et al. 2013; Leproux et al. 2013; Konecky et al. 2009).

2.3 X-Ray Computed Tomography

X-ray CT enables 3D reconstructions based on the attenuation of an X-ray beam
that passes through the body. The generated CT images provide anatomical
information due to differences in the X-ray absorption of different tissues (Janib
et al. 2010). The benefits of using CT are its high spatial resolution, availability, and
speed. To improve contrast, iodinated contrast agents are routinely used for imaging
vasculature (i.e., angiography) (Hasebroock and Serkova 2009) and barium-based
agents for gastrointestinal investigations. However, one major drawback for the
creation of usable nanotheranostics for CT imaging is that a suitable contrast agent
must have a high atomic mass and be delivered at very high doses (Frangioni 2008).

2.4 Magnetic Resonance Imaging

Magnetic resonance imaging is a highly versatile, noninvasive diagnostic technique
with high temporal and spatial resolutions. However, the major drawbacks of this
imaging modality include its low sensitivity and high cost (Terreno et al. 2010).
MRI signals are detected from water protons in tissues when the body is placed in a
magnetic field generated by an MR scanner. Hence, the contrast of an MR image is
determined by the proton density in tissues and their relaxation times following a
radio frequency pulse. Different paramagnetic, superparamagnetic, and ferromag-
netic contrast agents are used to enhance MRI signals by shortening the relaxation
time of water in the tissues. T1 agents, also called positive or bright contrast agents,
such as gadolinium (Gd) and manganese (Mn) chelates, increase the signal inten-
sity. T2 contrast agents decrease the signal intensity and are accordingly referred to
as negative or dark contrast agents (Weishaupt et al. 2006; Davies et al. 2013). T2
contrast agents are mainly iron oxide-based particles. Overall, the most frequently
used contrast agent is Gd (Davies et al. 2013; Caravan 2006). However, free Gd is
highly neurotoxic and thus, is required to be tightly chelated in molecules such as
tetraazacyclododecane tetraacetic acid (DOTA) (Davies et al. 2013). To overcome
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the low sensitivity of MRI, high doses of contrast agents need to be delivered. For
this purpose, various NPs have been developed that encapsulate high payloads of
Gd to amplify the signal contrast and to optimize the relaxivity of the imaging agent
itself (Terreno et al. 2010, 2012). However, the use of Gd-based contrast agents
may lead to severe adverse effects, such as nephrogenic systemic fibrosis
(Hasebroock and Serkova 2009).

2.5 Radionuclide-Based Imaging, PET, and SPECT

The basis for both PET imaging and SPECT imaging is the emission of gamma
v-rays from exogenously administered radioactive tracers. In PET imaging, the
radionuclide undergoes positron emission decay. Then, the emitted positron loses
its kinetic energy, and by encountering an electron, an annihilation process occurs.
The produced pairs of y-photons move in opposite directions and are detected by
PET cameras to create an image (Fig. 3). 18F, 150, 13N, and ''C are radionuclides
commonly used for PET imaging (Massoud and Gambhir 2003), and 99me 1231
311, and '"'In are commonly used for SPECT imaging (Peng et al. 2011) (Table 3).
Because of an increased glucose metabolism, the glucose mimetic, 2—deoxy-2—[18F]
fluoro-p-glucose (**FDG), is readily taken up by the brain or by cancerous cells and
is used in various diagnostic procedures. Compared to PET agents, which have to
be administered shortly after their synthesis because of their short half-lives,
radionuclides used in SPECT are easier to prepare and have longer half-lives, which
makes them suitable for treatment monitoring for hours or days after the

3) Photon detection by PET camera

1) Emission of positron from radionuclide Y

—.

Positron

Positron-emitting radionuclide

2) Positron — electron annihilation and the
production of two anti-parallel 511 keV photons

3) Photon detection by PET camera

Fig. 3 Principle of PET imaging process
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Taple 3 ACommonly used Type of imaging Radionuclide Halflife

radionuclides for PET and T :

SPECT imaging PET F 110 min
0 2 min
"N 10 min
''c 20 min

SPECT 9omTe 6 h

123] Bh
e 8 days
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administration of the imaging agent (Rahmim and Zaidi 2008; Beer and Schwaiger
2008). Additionally, in SPECT imaging, it is possible to simultaneously use several
radionuclides (Janib et al. 2010). Both modalities possess unlimited depth pene-
tration, but have limited spatial resolution. An advantage of PET over SPECT
imaging is its two to three orders of magnitude higher sensitivity (Rahmim and
Zaidi 2008). Radionuclide-based imaging for theranostic purposes remains quite
limited not only because of the short half-lives of most isotopes, but also because of
the strict radioactive safety requirements.

3 Theranostic Nanosystems

3.1 Polymer Systems

In the mid-1970s, H. Ringsdorf proposed an ideal model of polymer prodrugs. An
early version of minimal theranostic system is described in his model, which
consisted of a biodegradable polymer backbone as a carrier onto which spacers for
drug conjugation, imaging agents, and targeting moieties were attached (Fig. 4)
(Ringsdorf 1975). Several polymers have already been successfully tested in the
development of polymer therapeutics, including vinyl polymers such as poly(N-
(2-hydroxypropyl) methacrylamide) (PHPMAm) (Kopecek and Kopeckova 2010;
Duncan 2003); poly(styrene-co-maleic acid/anhydride) (PSMA) (Maeda 2001);
synthetic poly(o-amino acids), such as poly(L-lysine) and poly(L-glutamic acid);
polysaccharides, such as dextran and chitosan (Liu et al. 2008); and proteins, such
as human serum albumin (HSA) (Hoste et al. 2004; Miele et al. 2009).

Polymer conjugates include rationally designed macromolecular drugs, poly-
mer—drug, and polymer—protein conjugates (Duncan 2003; Khandare and Minko
2006). The chemical assembly depends on the properties of the polymer carrier, the
targeting moiety, and the drug and imaging agent to be attached (Veronese et al.
2005; Furgeson et al. 2006). Due to the huge variation of physical-chemical
properties of the individual building blocks, the preparation of the final product can
be challenging. The choice between homopolymers, graft, or block polymers for the
conjugation of the drug and imaging agents and the chemical yield is dependent on
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Fig. 4 Model of a polymer prodrug. A polymer backbone serves as a carrier for drugs, imaging
agents, and targeting moieties. A hydrophilic unit, such as PEG, enhances the solubility and
provides stealth properties

the chemical nature, molecular weight, steric hindrance, and reactivity of the polymer
and the drug and imaging agents (Khandare and Minko 2006). One of the main
requirements in polymer systems is a good stability between the carrier and its payload
under physiological conditions. However, the carrier and payload should be rapidly
cleaved once the target site is reached (Veronese et al. 2005). By using enzymatically
cleavable or pH-responsive linkers, this can be exploited as an active targeting strategy
for the controlled release of therapeutic agents in the region of interest. For instance, it
is known that upregulated proteolysis is found in cancer, cardiovascular, neurode-
generative, and inflammatory diseases among others (Gabriel et al. 2011). In cancer,
the breakdown of the extracellular matrix and subsequent extravasation is largely
facilitated by tumor-associated cells that are abundantly expressing several proteases.
These proteases can be identified as a hallmark of neoplastic growth. In this case, the
most prominent proteases are matrix metalloproteinases, cysteine proteinases, plas-
minogen activators, and cathepsin D (Gabriel et al. 2011). This enzymatic machinery
can be used for the activation of prodrugs and imaging agents (Gabriel et al. 2011;
Harris et al. 2008). Another means to trigger drug release is by exploiting changes in
the pH of the tumor environment. This has been shown to be successful in solid
tumors, which produce large amounts of lactic acid due to anaerobic glycolysis and
acidify interstitial fluid. Thus, suitable target pH values for the release of the attached
agent can be tuned to the physiological values at the targeted location, i.e., the
extracellular domain of the cancerous cells or their intracellular compartments, such as
endosomes or lysosomes.

Polymer chemistry research for biomedical purposes has focused on the syn-
thesis of nontoxic and biodegradable polymers. Examples of such polymers in
polymer prodrugs include, but are not limited to, poly(lactide) (PLA) (Kulkarni
et al. 1971) and poly(lactide-co-glycolide) (PLGA) (Danhier et al. 2012). Because
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of its stability in systemic circulation and its nontoxicity and low immunogenicity,
HPMAm polymer is also frequently used for both complexations (Vasey et al. 1999)
and conjugations of drugs and imaging agents (Hoste et al. 2004; Janib et al. 2010;
Kopecek and Kopeckova 2010). Lammers et al. (2008) reported a series of experi-
ments with a supramolecular assembly in which cytostatic drugs doxorubicin (DOX),
gemcitabine (GEM), or both (Lammers et al. 2009) were conjugated via a lysosomally
cleavable peptide linker to the polymer backbone of an HPMAm copolymer. First,
PHPMAm-bound DOX or GEM were tested in combination with radiotherapy
(Lammers et al. 2008). To monitor the in vivo biodistribution, the HPMAm copolymer
was labeled with Gd and imaged by MRI. As expected, the MRI images showed an
enhanced accumulation of the construct in tumors over time. However, because there
was no therapeutic agent attached, these constructs cannot be classified as theranostics.
In the subsequent study, an HPMAm polymer—drug conjugate was designed, carrying
6.4 wt% GEM and 5.7 wt% DOX. Tyrosinamide units were incorporated into the
copolymer to allow radiolabeling with '*'I. The in vivo study carried out in the
Dunning AT1 tumor model confirmed the simultaneous delivery of both drugs to the
tumors (Lammers et al. 2009). It would have been interesting to see the potential of the
aforementioned PHPMAmM construct labeled with Gd for theranostic applications.
Both findings shed new light on the simultaneous multimodal approaches of cancer
treatment and its future theranostics implementation.

PDT and photodiagnosis (PD) are other exciting fields that have been introduced in
clinical practice with high efficacies for both diagnostic and therapeutic purposes.
Three factors govern the PDT mechanism: a photosensitizer (PhotoS), light, and
molecular oxygen in the target tissues (Lange 2003). Irradiation with light excites the
administered photosensitizer, which converts molecular oxygen into toxic singlet
oxygen molecules and reactive oxygen species (ROS) (Gabriel et al. 2011). Moreover,
upon light activation, the emitted fluorescence from the PhotoS can serve as a diag-
nostic tool. Most conventional PhotoSs are generally hydrophobic and prone to
aggregation in aqueous environments. Therefore, their administration in pharmaceu-
tically acceptable formulations is impeded. Furthermore, their bioavailability is often
very low without an appropriate formulation. To overcome these obstacles, PSs have
been conjugated to peptides, proteins, carbohydrates, and polymers or loaded into
micelles, dendrimers, liposomes, or other types of polymer NPs (Sibani et al. 2008).
One such example is the encapsulation of a potent natural PhotoS hypericin into
polymer PLA NPs, as reported by Zeisser-Labouebe et al. (2006). Hypericin-loaded
NPs obtained by nanoprecipitation were tested in vivo on an ovarian cancer xenograft
in Fischer rats F-344. Fluorescence endoscopy and tissue analyses showed the
selective accumulation of hypericin in ovarian micrometastases when the NPs were
used in comparison with the free drug (Zeisser-Labouebe et al. 2009). In addition to
cancer, rheumatoid arthritis (RA) is another disease in which PDT has been suc-
cessfully tested in vivo. RA is a chronic autoimmune disease characterized by the
inflammation of the synovial tissues of joints, tendon sheets, and bursae that lead to
the progressive destruction of the articular cartilage. Thrombin is a serine protease of
the coagulation cascade converting fibrinogen into fibrin. In RA patients, the prote-
olytic activity of thrombin has been found to be upregulated. Gabriel et al. (2009)
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Fig. 5 a Schematic representation of protease-mediated activation of thrombin-sensitive polymer
photosensitizer prodrug (T-PhotoS). Coupled to the poly-lysine backbone, PhotoSs remained
quenched, but upon thrombin cleavage of the peptide linker, they were freed and could be light
activated, which resulted in fluorescence emission and ROS production; b schematic represen-
tation of T-PhotoS. Adapted from Gabriel et al. (2009)

developed a thrombin-sensitive polymer photosensitizer prodrug (T-PhotoS) for the
photodynamic eradication of the hyperplastic synovium in RA. In their prodrug,
multiple PhotoS units were tethered to a polymer (poly-lysine) backbone via
thrombin-cleavable peptide linkers. Moreover, the polymer backbone was modified
with single high molecular weight PEG (20 kDa) (Fig. 5). The close proximity of the
PhotoSs attached to the copolymer resulted in the inactivation of the fluorescence
signal and the photodynamic activity due to self-quenching. The in situ activation of
T-PhotoS was demonstrated in vitro and in vivo using a collagen-induced arthritis
mice model. T-PhotoS was administered intravenously and the fluorescence intensity
in inflamed joints was observed by whole animal fluorescence imaging.
A fluorescence increase over time was observed to occur selectively in arthritic joints,
whereas the fluorescence emissions in non-arthritic paws remained close to baseline.
The fluorescence rapidly increased during the first 8-h post administration and then
reached a plateau. Furthermore, the fluorescence intensity after i.v. injection of
T-PhotoS at a dose of 1 mg/kg pheophorbide equivalence correlated with established
clinical scores (Fig. 6). A similar approach was followed for the targeting of
urokinase-like plasminogen activator (uPA), which is involved in the progression of
prostate cancer, and was tested in vitro and in vivo (Zuluaga et al. 2012, 2013). The
selectivity of the corresponding PhotoS in PC-3 tumors was confirmed by the colo-
calization of bioluminescence and fluorescence imaging. Furthermore, uPA-mediated
PDT resulted in the cure or partial remission of tumors in the PDT group only.



17 Theranostics: In Vivo 563

0
Beciem” 2

[Corba
(M e 2

12h post i.v. o ‘0;-;
c
© O 3.0x10¢
c
o
=
0 2.0x10°% |
[}
g [ Scorel
Y 10x10%
n
o =
0 4 Score 1
= T NA
Fre 0 'l 'l A
15 20 25 30

Time [h]

Fig. 6 a Quantitative in vivo fluorescence images acquired before, 4, 8, and 12 h post i.v. injection of
T-PhotoS at a dose of 1 mg/kg pheophorbide equivalents. Selective fluorescence increase can be seen
in the arthritic paws (A), but not in the non-arthritic paws (NA). b Image of the normal versus inflamed
joints in mice. ¢ Fluorescence time profiles show a rapid increase of fluorescence in arthritic paws
during the first 8 h after T-PhotoS administration and subsequent plateaus. Here, fluorescence
enhancement was related to the clinical score of inflammation. Adapted from Gabriel et al. (2009)

Photothermal therapy is another promising approach to treat diseases that cir-
cumvent the adverse side effects caused by conventional drugs. It is based on the
optical properties of certain molecules or NPs that dissipate energy as heat upon the
absorption of light. A double targeting strategy explored in a theranostic
supramolecular photothermal agent between an NIR dye squaraine (SQ) and bovine
serum albumin (BSA) indicated promising results for both tumor ablation and
noninvasive imaging. An SQ-BSA construct was compared to another carrying
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folate as a targeting moiety (SQ-BSA-FA). Folate is a critical nutrient for DNA
synthesis, methylation, and repair and its receptor is often overexpressed in rapidly
dividing cells, such as in the case of cancers (Gao et al. 2014; van Dam et al. 2011).
SQ-BSA-FA was found to be preferentially retained in tumors due to passive
targeting and active retention. Extravasation of administered formulation is by its
nature always passive, but the following retention process is active due to the
interaction between the receptor and targeting ligand. Photothermal treatment with
both products resulted in the inhibition of tumor growth of up to 32 % for SQ-BSA
and up to 78 % for SQ-BSA-FA. The benefits of active targeting were confirmed
both by NIR imaging during the treatment and later by histology (Gao et al. 2014).

Photothermal cancer treatment was also proven possible by using PEGylated
nanoconstructs based on a poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) polymer mixture covered with poly(allylamine hydrochloride)
(PAH) and poly(acrylic acid) (PAA). The PEG termini of PEDOT:PSS-PEG were
labeled with a fluorescent dye Cy5 to follow the in vivo behavior in 4T1 murine
breast-cancer-bearing mice. Fluorescent imaging was performed at 1, 4, 8, 24, and
48 h after NP administration. The increasing fluorescence intensity with time in
tumors confirmed the uptake of NP by the EPR effect. To investigate the therapeutic
potential of these agents, mice were divided into four groups. The first group received
PEDOT:PSS-PEG at a dose of 1 mg/ml and was exposed to an 808-nm laser at a
power density of 0.5 W/cm? for 5 min 48 h post-injection. The other three groups are
untreated mice, laser only, and PEDOT:PSS-PEG without laser irradiation served as
controls. The mice injected with PEDOT:PSS-PEG and exposed to the laser showed a
complete eradication of tumors after only 1 day of treatment. No noticeable toxicity
was reported (Cheng et al. 2012). These findings confirmed the potential of a pho-
tothermal tumor ablation approach for theranostic purposes.

4 Lipid-Based Nanosystems

4.1 Liposomes

Liposomes are aqueous vesicles surrounded by a phospholipid bilayer. As drug
delivery systems they have been exploited mainly with sizes ranging between 50 and
200 nm (Patil and Jadhav 2014). Depending on the preparation and purification
techniques, liposomes may vary in structure from unilammellar vesicles to
multi-layered formulations (Patil and Jadhav 2014). Because they are composed of a
hydrophilic core and a hydrophobic lipid bilayer, liposomes are well-suited for the
delivery of both hydrophilic and hydrophobic compounds. This makes them perfect
candidates for theranostic delivery systems. Specific ligands can be easily attached on
the liposomal surface to achieve active targeting. Various labels for diagnostic imaging
can also be conjugated to the surfaces (Torchilin 2005). Although liposomes are one
of the most widely used delivery systems, their main drawback is their rapid
opsonization and uptake by the cells of the reticuloendothelial system (RES) in the
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liver and the spleen. One of the most employed strategies to avoid uptake and
clearance by the RES is the incorporation of hydrophilic PEG chains onto the surface
of liposomes (Harris and Chess 2003; Torchilin et al. 1994). Due to the association of
water molecules, PEG acts as a shield against enzymatic degradation and opsonization
by plasma proteins. Overall, the attachment of PEG improves the in vivo pharma-
cokinetics (Chen et al. 2004), prolongs the circulation time of particles, and gives
liposomes “stealth” properties (Harris and Chess 2003; Torchilin et al. 1994).

Liposomes have been designed to target integrins, a family of heterodimeric cell
surface receptors involved in cell adhesion, motility, growth, and survival. One of the
mostly targeted proteins of this family is the o,f; overexpressed on the vascular
endothelium and significantly involved in angiogenesis. Peptides containing the
arginine—glycine—aspartic acid (RGD) motif are often used for the specific targeting of
the a,f3 integrin on angiogenic endothelial cells (Beer and Schwaiger 2008; Chen
et al. 2004; Mittra et al. 2011; Teesalu et al. 2013). Another target for anti-angiogenic
treatment is neural cell adhesion molecules (NCAMs). NCAM is a protein that
belongs to the superfamily of immunoglobulins (Ig). Its role in cell—cell interactions is
found to be important in tumor-associated angiogenesis (Bussolati et al. 2006) and is a
valuable target for high-affinity NCAM-binding peptides (Geninatti Crich et al. 2006).
Grange et al. (2010) prepared NCAM-binding peptide (C3d)-coated PEG liposomes
encapsulated with DOX and a lipophilic (Gd)-DOTA-monamide (DOTAMA)
derivative. In vivo studies with these liposomes were carried out in a model of
Kaposi’s sarcoma in SCID mice. The results indicated a more efficient tumor
regression and a lower toxicity when using NCAM-targeted liposomes compared with
untargeted counterparts. Interestingly, the MRI signals were higher for the untargeted
liposomes. This was attributed to the efficient internalization of targeted paramagnetic
vesicles into the cells that limited the relaxation enhancement due to the reduced
exchange of water molecules across the intracellular compartments.

Theranostic liposomes were developed by Agulla et al. (2014a) for the treatment
of stroke. Their formulation encapsulated citicoline and contained rhodamine for
fluorescence and Gd ions for MR imaging. Active targeting was achieved by
conjugating the protein HSP72, a biomarker of the peri-infarct region. Both the
diagnostic and the therapeutic potential of the liposomal formulation were assessed
on an in vivo rat model of ischemic stroke. The MRI T1 mapping of the brain of
ischemic rats was performed 1 day before and 1, 3, and 7 days post-intervention.
Promising results were obtained with respect to the targeting potential of the vec-
torized liposomes in the delineation and the follow-up of the peri-infarct tissue. To
further evaluate the therapeutic potential of anti-HSP72 liposomes, a permanent
focal cerebral ischemia was performed in six groups of Sprague-Dawley rats. The
results showed the highest therapeutic effect in rats intravenously injected with
HSP72-targeting liposomes encapsulated with citicoline at t = 45 min and 6, 12,
24, and 30 h post-surgery. Lesion volumes were significantly smaller in comparison
with the controls at day 1, day 2, and day 7 post-surgery, and compared with
citicoline encapsulated in nontargeted liposomes (Agulla et al. 2014a).

An active targeting with liposomes is also possible by taking advantage of acidic
pH changes in subcellular compartments. A pH-sensitive liposome can be achieved
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by modifying their lipid composition, incorporating pH-sensitive polymers, or a
combination thereof. This type of liposome prevents the premature release of an
active principle or an oligonucleotide during gene therapy (Torchilin 2005). The
release of the cargo from pH-sensitive liposomes is triggered by the acidic endo-
somal environment as was demonstrated by a kinetic model of the cellular uptake
and release of MRI agents (Delli Castelli et al. 2010).

One of the most promising theranostic agents and certainly the most advanced in
terms of clinical development is the thermosensitive DOX-loaded paramagnetic
liposome designed for MRI (Langereis et al. 2013). These liposomes not only cir-
cumvent the undesirable side effects of DOX, but also enable the assessment of
therapeutic efficacy. In thermosensitive liposomes (TSLs), the cytotoxic drug, and the
imaging agent are entrapped within the aqueous lumen at normal body temperatures
and are released in cancerous tissue upon the application of local hyperthermia (de
Smet et al. 2011). It was demonstrated that hyperthermic conditions enabled the
efficient extravasation of small liposomes (Kong et al. 2000; Kong et al. 2001). Lipids
selected for the preparation of TSLs have relatively low melting phase transition
temperatures. When this temperature is reached at mild hyperthermic conditions (39—
42 °C), a liquid—crystalline phase transition occurs and increases the permeability and
release of its contents (de Smet et al. 2011; Langereis et al. 2013). Pioneering reports
suggesting the feasibility of such drug delivery systems for tumor treatment were
published in the late 1970s by Yatvin et al. (1978), Weinstein et al. (1979). With
modern-designed lipids and stealth liposomes, hyperthermia-induced drug release is
now a realistic goal. A large number of studies have been published in the past decade
investigating safer techniques and practices for use in patients. Hyperthermia can be
induced by high intensity focused ultrasound (HIFU). MRI-guided HIFU is a non-
invasive procedure already used in clinical practice (Tempany et al. 2003). It increases
local temperatures deep inside targeted tissues by focusing US waves over a small,
well-defined area (Deckers and Moonen 2010; Moonen 2007). The MRI-directed
guidance enables in situ target definition and a highly localized treatment that spares
healthy tissue (Tempany et al. 2003; Moonen 2007). Over the course of 15 years,
Dewhirst and colleagues developed paramagnetic liposomes for the delivery of
chemotherapeutic agents into tumors under mild hyperthermia (Ponce et al. 2007,
Needham et al. 2000; Needham and Dewhirst 2001; Viglianti et al. 2004, 2006;
Negussie et al. 2011). In an extensive longitudinal study, they elaborated the concept
of “drug dose painting.” This concept uses different protocols for hyperthermia with a
real-time control of intratumoral drug distribution. Three hyperthermia protocols that
used lysolipid-based temperature-sensitive liposomes (LTSLs) containing DOX and
Mn as an MRI tracer (DOX/Mn-LTSLs) were evaluated in tumor-bearing rats (Fig. 7).
In the first protocol, hyperthermia was initiated 15 min before the intravenous
administration of DOX/Mn-LTSLs. For the second protocol, DOX/Mn-LTSLs were
administered 15 min before hyperthermia. In the third protocol, half of the
DOX/Mn-LTSL dose was administered before hyperthermia initiation and the other
half was administered 15 min after a thermal steady state was reached. They found
that rats administered with DOX/Mn-LTSLs during hyperthermia showed the best
tumor response and demonstrated an MRI-monitored real-time drug dose “painting”
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Fig. 7 a Schematic representation of a DOX/Mn-LTSL, theranostic temperature-sensitive
liposome containing therapeutic DOX, and an MRI contrast agent, MnSO4. b In vivo MRI
images showing a tumor drug distribution after i.v. injection of DOX/Mn-LTSL to rats-bearing
fibrosarcomas. @ DOX/Mn-LTSL administered during steady-state hyperthermia. Radial lines
depict the orientation of DOX concentration profile. » DOX/Mn-LTSL administered 15 min
before the onset of hyperthermia resulted in central enhancement of DOX concentration.
¢ Injection of DOX/Mn-LTSL both before and during hyperthermia show uniform drug
distribution. Adapted from Ponce et al. (2007)

(Ponce et al. 2007). Unfortunately, the use of toxic Mn for MRI-mediated monitoring
of the treatment response has thus far prevented the clinical development of
DOX/Mn-LTSLs. In a proof-of-concept study in 9L glioblastoma-bearing rats, de
Smet et al. developed temperature-sensitive liposomes (TSLs) encapsulated with DOX
and [Gd(HPDO3A)(H,0)] complexes (de Smet et al. 2010). A HIFU-triggered release
of imaging agents was monitored with interleaved T1 mapping of the tumor and
correlated with DOX release. The results showed a good correlation between the
averaged AR, changes across the tumor tissue, and the uptake of DOX. Because of
high variations of inter-tumoral DOX concentrations, this study suggested that the
uptake of therapeutic agents depended on the type of tumor and its pathophysiology
(vascularization, permeability, and existence of a necrotic core) (de Smet et al. 2011).
The feasibility of MR-HIFU using DOX-loaded LTSLs was recently shown to be
efficient on a Vx2 rabbit tumor model (Ranjan et al. 2012).

During the development of MRI theranostics, the payload of contrast agents
plays a critical role with respect to their toxicity. Agulla et al. compared the in vivo
contrast for liposomal formulations containing different Gd concentrations. In their
study, the intensity of the T1 effect was not linearly proportional with the liposomal
Gd content. The liposomal formulation with the lowest concentration of Gd had the
highest longitudinal relaxivity (Agulla et al. 2014b). This was in agreement with the
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claim that the longitudinal relaxivity of paramagnetic liposomes was modulated in
living cells by compartmentalization effects (Langereis et al. 2013).

4.2 Micelles

Micelles are self-assembling systems made of amphiphilic polymers with
hydrophobic chains in the core and outward-facing hydrophilic moieties forming a
corona. As is the case for liposomes, depending on the amphiphilicity of its con-
stituents, micelles can have stealth properties and can be functionalized for active
targeting (Torchilin 2004). Micelles used for drug delivery purposes have a
diameter typically less than 100 nm (Straathof et al. 2011; Blanco et al. 2009;
Torchilin 2007). Polymer micelles are stable, biocompatible systems that can sol-
ubilize a large palette of poorly water-soluble compounds (Blanco et al. 2009;
Torchilin 2007; Matsumura et al. 2004). Different copolymers can be used for the
preparation of micelles. Poly(propylene oxide) (PPO), PLA, poly(glycolide),
PLGA, poly(e-caprolactone) (PCL) (Blanco et al. 2009), poly(amino acid), and poly
(trimethylene carbonate) (PTMC) are among the most widely used polymers in the
hydrophobic core. The corona is mainly composed of hydrophilic polymers, such as
PEG (Blanco et al. 2009; Torchilin 2007), poly(N-vinyl-2-pyrrolidone)
(PVP) (Torchilin 2007), and PHPMAm (Talelli et al. 2010). Because micelles lack
the aqueous core found in liposomes, both drug and an imaging agent can either be
bound to the polymer, conjugated via an anchor molecule, or entrapped in its
hydrophobic core (Janib et al. 2010; Torchilin 2007).

Kaida et al. prepared theranostic micelles incorporating gadolinium—diethylenetri-
aminepentaacetic acid (Gd-DTPA) and (1,2-diaminocyclohexane) platinum
(II) (DACHPY; i.e., the parent complex of an anticancer agent oxaliplatin) into the
hydrophobic moiety of poly(ethylene glycol)-block-poly(glutamic acid) [PEG-b-P
(Glu)]. Compared with the free drug, these micelles showed a prolonged circulation
time and strong anticancer effect in an orthotopic human pancreatic cancer model.
Furthermore, an enhanced micelle-mediated MRI contrast of the tumor tissue was
compared with that of the Gd-DTPA alone (Kaida et al. 2010).

Recently, polymer micelles incorporating radionuclides for SPECT and PET
imaging have gained interest. Peng et al. reported on a multimodal system designed
for the photothermal therapy of cancer that incorporated a NIR dye, IR-780, for
fluorescence imaging, and '**Re for SPECT imaging (Peng et al. 2011). The in vivo
results of photothermal therapy induced by irradiation with a light dose of
540 J/cm? of NIR light showed an 82.6 % inhibition of tumor growth after 27 days.
Treatment was successfully monitored with both NIR fluorescence imaging and
micro SPECT/CT.

An entirely different approach for using micelles as theranostic vehicles was
explored in the work of Wu et al. who described a first NIR dicyanomethylene-4H-
pyran (DCM)-based prodrug, PEG-PLA/DCM-S-camptothecin (CPT), for the
monitoring of the anticancer treatment in living animal models (Fig. 8). The
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Fig. 8 a Scheme of proposed CPT release mechanism from the activated prodrug; b fluorescence
intensity images of DCM-C-CPT and ¢ DCM-S-CPT in internal organs after administration.
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prodrug administered at a dose of 5 mg/kg (CPT equivalents) to BCap-37 mice tumor model. As it
can be seen from the histogram, PEG-PLA/DCM-S-CPT micelles inhibited tumor growth
(IRT) when compared with the PEG-PLA/DCM-C-CPT and free CPT (*p < 0.05; **p < 0.01).

Adapted from Wu et al. (2014)
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prodrug itself was composed of the NIR fluorophore DCM and the anticancer drug
CPT joined by a disulfide linker. The prodrug was loaded into PEG-PLA micelles
to improve its water solubility and to achieve tumor targeting by the EPR effect
(Wu et al. 2014). An advantage of the system was that both the fluorescence and
cytotoxicity were initially quenched. When the micelles reached the tumor cells, the
disulfide bonds were cleaved because of elevated intracellular glutathione levels.
This enabled the drug release, which was monitored by the unquenched NIR
fluorescence. The antitumor activity of these micelles was assessed in a BCap-37
tumor xenograft mouse model. Mice were intravenously administered with PBS,
CPT, PEG-PLA/DCM-S-CPT, and PEG-PLA/DCM-C-CPT (with an alkane bond
instead of a disulfide bond), at a CPT equivalent dose of 5 mg/kg. PEG-
PLA/DCM-S-CPT showed a tumor inhibition rate of 96.4 % compared with 16.3
and 88.9 % for PEG-PLA/DCM-C-CPT and CPT alone, respectively. No severe
systemic side effects were observed upon PEG-PLA/DCM-S-CPT treatment (Wu
et al. 2014).

5 Inorganic Assemblies

In addition to organic polymers and lipids, various inorganic materials may be used
in the preparation of NPs for drug delivery and imaging. These range from metals,
such as iron, silver, or gold, and quantum dots (QDs), to carbon- and silica-based
matrices. In the next section of this chapter, we will cover the area of iron oxide and
gold NPs used in theranostics.

5.1 Iron Oxide NPs (IONPs)

Iron oxide NPs (IONPs) are made from hematite (Fe,O3) or magnetite (Fe;0,).
These particles are paramagnetic, can serve as good T2 MRI contrast agents, and
possess  attractive  physical  properties for  hyperthermic  treatment.
Superparamagnetic iron oxide NPs (SPIONs) are small IONPs (1-20 nm), mostly
made from magnetite. The large specific surface area of IONP and SPIONs makes
them suitable for the attachment of drugs and other ligands (Choi et al. 2012).
Furthermore, their biodegradability, biocompatibility, and unique targeting possi-
bilities controllable by an external magnetic field make them candidates for ther-
anostic purposes (Santhosh and Ulrih 2013). Standard methods for the preparation
of IONPs include co-precipitation (Xie et al. 2010; Santhosh and Ulrih 2013),
microemulsification, thermal decomposition of iron precursors (Xie et al. 2010;
Santhosh and Ulrih 2013), and hydrothermal methods (Santhosh and Ulrih 2013).
New approaches for the production of monodispersed NPs use microwaves and
sonochemical routes (Santhosh and Ulrih 2013). Silica (Algar et al. 2011),
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phospholipids, or polymers, such as PEG, dextran, chitosan, PVP, and polyaniline,
are typically added during their preparation (Xie et al. 2010; Santhosh and Ulrih
2013) to minimize oxidation, avoid NP aggregation, and tailor their surfaces for
further attachment of functional groups and drugs (Xie et al. 2010).

Considering IONPs, we first examine the results of passive targeting nanosystems.
Then, different active targeting strategies will be discussed. Quan et al. (2011)
developed human serum albumin (HSA)-coated IONPs loaded with DOX
(DOX-HSA-IONPs). NPs were prepared by adding DOX and dopamine-coated
IONPs into an HSA-containing aqueous solution. Because HSA has a good
ligand-binding capacity, a high loading rate was achieved for both DOX and IONPs
[the DOX/Fe/HSA ratio was 1:2:20 (w/w/w)]. The efficacies of the
DOX-HSA-IONPs, commercial Doxil® liposomes, and free DOX were evaluated on a
4T1 murine breast cancer model. Particle uptake upon administration was monitored
by MRI. MR images taken 1 and 4 h after the injection of DOX-HSA-IONPs showed
a signal decrease as a result of NP accumulation in the tumor area. The efficacy of
DOX-HSA-IONPs in tumor suppression was comparable with that of Doxil® and
outperformed free DOX treatment (Quan et al. 2011).

Another passive targeting nanotheranostic system was developed by Yu et al.
who incorporated DOX into the polymer shell of thermally -cross-linked
(TCL) SPIONs (TCL-SPIONs) through electrostatic interactions with polymer
coating layers. For the validation of the therapeutic efficacy of DOX-TCL-SPIONS,
mice-bearing Lewis lung carcinoma was used. It was demonstrated that
DOX-TCL-SPIONS primarily localized in tumors. Because of their SPION content,
these nanosystems were precisely localized by MRI. In this case, the
DOX-TCL-SPIONSs gave a superior therapeutic outcome when compared with free
DOX. No systemic toxicity was reported (Yu et al. 2008).

As mentioned above, the surface of iron oxide particles can be functionalized with
specific moieties targeting overexpressed proteins. [ONPs targeting the receptor of uPA
(uPAR) were conjugated with the amino-terminal fragment (ATF) peptide of the
receptor-binding domain of uPA and the chemotherapeutic drug gemcitabine
(GEM) via the cathepsin B cleavable peptide linker (GFLG). In vivo experiments were
carried out in the orthotopic tumor xenografts with MIA PaCa-2 human pancreatic
cancer cells in nude mice. Mice were divided into groups administered with free GEM,
ATF-IONP-GEM, and IONP-GEM (without any targeting moieties). A 2 mg/kg
GEM-equivalent dose was given to mice twice a week for five times. T2 MR images
were acquired before the treatment and 1 and 2 weeks following the treatment (Fig. 9).
Mice treated with ATF-IONP-GEM showed an approximate 50 % inhibition of tumor
growth in comparison with 30 and 23 % by free GEM and nontargeted IONP-GEM,
respectively. Moreover, the conjugation of GEM to the NPs improved the stability of
the drug in vivo by preventing its deactivation by cytidine deaminase (Lee et al. 2013).
This study is one of many that showed the effectiveness of active targeting.
Additionally, it showed the potential of using IONPs to monitor the accumulation of
nanosystems in targeted tissues and confirmed a sustained drug release.

“Magnetic drug targeting” is a term introduced by Alexiou et al. (2000). In their
experiments, mitoxantrone (MTX), an antineoplastic agent, was bound to
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Fig. 9 Axial T2-weighted MRI images of tumor-bearing mice before, 1 (1 W) and 2 weeks (2 W)
upon NPs administration. Post 1W and post 2W images were obtained 48 h after second and third
injections, respectively. Pink-dotted circles mark tumor location and size, whereas red arrows
show the MRI contrast change in the spleen. Adapted from Lee et al. (2013)

multi-domain NPs formed from iron oxides and hydroxides (ferrofluids), which
were then coated with starch polymers. The colloidal dispersions of the
ferrofluid-MTX were administered to female New Zealand White rabbits inoculated
with VX-2 squamous cell carcinoma. An inhomogeneous magnetic field produced
by an electromagnet was used to direct the ferrofluid-MTX to the tumor. High
concentrations of the construct in the tumor tissue were confirmed by MRI and
histology. This magnetic drug targeting approach led to the complete remission of
the tumors with reduced doses of 20 and 50 % by the ferrofluid-MTX relative to the
conventional MTX dose. The therapy was well-tolerated and showed no signs of
toxicity (Alexiou et al. 2000). Although promising in animal studies, this approach
seems difficult to be translated to humans.
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5.2 Gold NPs (AuNPs)

Gold NPs (AuNPs) range in size between 1 and 100 nm. Depending on their size
and shape, their optical properties are characterized by strong absorption and light
scattering in the vis—NIR region (Algar et al. 2011; Alkilany et al. 2012; Boisselier
and Astruc 2009; Chen et al. 2010; Khlebtsov et al. 2013; Zhang et al. 2013).
Another important feature of AuNPs is the phenomenon of localized surface
plasmon resonance (LSPR) (Khlebtsov 2008). Upon light irradiation at the proper
frequency, the electrons in the conduction band of gold atoms are excited and begin
to oscillate, which leads to extensive light extinction. For gold nanospheres, a broad
LSPR band is observed at approximately 520 nm. In gold nanorods (AuNRs), the
LSPR band splits into a transverse band and a longitudinal band. Their positions are
dependent on the length and width of AuNRs. Additionally, AuNRs can be used for
the photothermal therapy. AuNPs have been tested for the photodynamic treatment
of pathogenic bacteria and photothermal cancer therapy (Khlebtsov et al. 2013).
Furthermore, AuNPs have been used to quench the fluorescence of different
fluorophores (Algar et al. 2011) and are capable of increasing the fluorescence
quantum yield of NIR dyes up to 80 % (Bardhan et al. 2009). Gold is considered an
inert metal, but there are a number of synthetic methods to tune the size and shape
of AuNP and to chemically bind various molecules to their surface, such as MRI,
fluorescence reporters, and therapeutic moieties, for multimodal theranostic appli-
cations (Alkilany et al. 2012). These characteristics make AuNPs suitable contrast
agents for in vivo fluorescence imaging and valuable theranostic entities.

One of the most advanced nanosystems in use in photothermal tumor ablation by
NIR-absorbing AuNPs is AuroLase™. This system is a PEGylated gold nanoshell
formulation prepared by the absorption of colloidal gold to amine groups on silica
NPs (O’Neal et al. 2004). Results observed after i.v. administration to both rodents
(O’Neal et al. 2004) and dogs (Schwartz et al. 2009) showed the accumulation of
nanoshells in tumor tissue via the EPR effect. Irradiation with light at 80 nm led to
heat dissipation by the AuNPs and consequently, tumor eradication by thermal
ablation, as indicated by MRI based on the temperature-dependent proton resonance
frequency shift (Schwartz et al. 2009).

The search for multimodal imaging techniques to further improve diagnosis and
monitoring is intensifying. One way to overcome the limitations of single imaging
modalities is to design platforms to carry several complementary imaging probes
(Louie 2010). One example is a platform using gold nanoshells covered with a layer of
silica entrapping Fe;0, NPs and the NIR fluorophore indocyanine green (ICG). These
particles were intended to have dual diagnostic features and photothermal ablative
properties. Because silica enables the attachment of various moieties, additional
anti-HER2 antibodies were conjugated to the particles (Bardhan et al. 2009).
Furthermore, PEG was added to decrease their immunogenic potential and to increase
their blood circulation time (Bardhan et al. 2010). Tests were performed in mice
inoculated with either BT474AZ cells highly overexpressing HER2 or MDAMB231
cells with low HER2 expression. NIR images were obtained at 0.3, 2, 4, 24, 48, and
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Fig. 10 Imaging of nanocomplex delivery. a NIR fluorescence images of mice with HER2
overexpressing BT474AZ xenografts and MDAMB231 (control) xenografts. Images were taken at
0.3, 2, 4, 24, 48, and 72 h post-injection. b T2-weighted images of BT474AZ and MDAMB231
mice before and 0, 4, 24, 48, and 72 h after administration. Tumors are marked with red circles.
Adapted from Bardhan et al. (2010)

72 h post-injection with highest fluorescence intensity observed at 4 h. The results
showed significant variations between the two xenograft models indicating the efficacy
of the antibody-mediated active targeting strategy. This result was confirmed by
T2 MRI (Fig. 10). However, a certain difference in NP accumulation across time
points can be seen when the fluorescence images were compared with the MRI. The
authors explained these discrepancies by the intrinsic differences between the NIR and
MR imaging. In short, this study provided an example of a theranostic agent for
thermoablation with simultaneous NIR and MR imaging features for the active tar-
geting of HER2-positive breast carcinoma (Bardhan et al. 2010).

As mentioned above, active targeting is often achieved by attaching antibodies to
NPs. A probe made from AuNR covalently linked to a low-molecular weight
chitosan (M,, 5000), capped with 11-mercaptoundecanoic acid (MUA) and con-
jugated to the epithelial growth factor receptor (EGFR) monoclonal antibody, was
described by Charan et al. (2012). In vitro and in vivo studies showed the selectivity
of this theranostic probe for the specific targeting of cancer cells overexpressing
EGFR. Furthermore, no significant toxicity was observed in mice injected with the
AuNR nanocomplexes.

Gold particles can also be used for PDT. PEGylated AuNRs loaded with a
phthalocyanine capable of dual photothermal and PDT were tested in xenograft
mice (Jang et al. 2011). Treatment was monitored by NIR imaging. For mice
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injected with AuNR and irradiated with NIR light, terminal deoxynucleotidyl
transferase dUTP nick end labeling technique (TUNEL) showed a high degree of
tissue damage and apoptosis across the tumor area compared with mice treated with
PBS (control) or PDT only.

Another complex theranostic nanoconstruct was recently created by Topete et al.
(2014). It was composed of a PLGA matrix loaded with DOX and covered with a
porous shell of gold. To provide the nanoparticle with stealth properties, the surface
was functionalized with HSA. ICG was attached for both imaging and PDT pur-
poses. Active targeting was provided by the covalent conjugation of folic acid.
Preliminary in vivo results were obtained on BALB/c nude mice inoculated with
folic acid receptor-overexpressing MDA-MB-231 breast cancer cells. NIR
fluorescence was monitored intravitally during treatment. An accumulation of these
theranostic nanoconstructs was observed in tumor tissue and in the brain, which
was surprising and would deserve confirmation (Topete et al. 2014).

6 Quantum Dots (QDs)

Quantum dots (QDs) are nanocrystals (2-10 nm) made from semiconducting mate-
rials. For biomedical applications, the QD cores are usually made from CdSe or CdTe
and coated with ZnS for improvement of luminescent properties (Algar et al. 2011).
Compared with standard organic fluorophores, QDs have up to 100 times improved
brightness, photostability, and resistance to photobleaching. Additionally, QDs have
wide excitation bands and narrow emission windows (Janib et al. 2010). QDs are now
extensively investigated for their incorporation in imaging nanoconstructs. However,
synthetic routes for QDs have resulted in insoluble and hydrophobic materials.
Therefore, bifunctional ligand coating and bifunctional covalent attachment have been
employed to overcome these limitations (Algar et al. 2011). Furthermore, efforts have
been made to increase the stability, biocompatibility, and blood circulation of QDs.
NIR QD-loaded PEG-10,12-pentacosydonic acid micelles equipped with trastuzumab
conjugates for active targeting showed 77.3 % tumor growth inhibition when injected
into athymic BALB/c-nu/nu nude mice-bearing HER2 positive tumors. NIR images
showed a rapid distribution of micelles and their accumulation at the tumor sites
(Nurunnabi et al. 2010). Although, these theranostic micelles did not show signs of
toxicity, more experiments are required to assure the safety and complete clearance of
QDs from the body.

7 Theranostic Application of Antibodies

Trastuzumab (Herceptin®), rituximab (Rituxan®), bevacizumab (Avastin®), cetux-
imab (Erbitux®), and panitumumab (Vectibix®) are among many examples of Food
and Drug Administration in the United States of America (FDA) approved
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therapeutic antibodies for cancer treatment (Accardo et al. 2013; Fleuren et al.
2014). Antibodies can be modified with radioactive tracers and fluorescent dyes for
use in disease diagnosis and monitoring. This approach facilitates the selection of
patients who are likely to respond to targeted antibody treatments. A comprehensive
review on the theranostic applications of antibodies in oncology was recently
published by Fleuren et al. (2014). Here, we will address only a few examples of
these theranostic agents. '"’Lu-J591 is a humanized radiolabeled monoclonal
antibody against prostate-specific membrane antigen (Bander et al. 2005).
7"Lu-J591 emits both B and y-rays, which make this antibody conjugate well-suited
for theranostic purposes. -rays will enable the disease treatment, while y-rays will
serve as imaging tracers. In a phase II clinical trial, the response rate in patients was
assessed. '"’Lu-J591 administration was well-tolerated and exhibited accurate
tumor targeting capabilities. Additionally, prostate-specific antigen responses were
in accordance with dose response (Tagawa et al. 2013). Another example of a
potentially successful theranostic agent for treatment prediction is a chimeric
antibody '”’Lu-girentuximab (*’’Lu-cG250), which was developed for the treat-
ment of metastatic clear cell renal cell carcinoma. This antibody binds to a
heat-sensitive transmembrane glycoprotein carbonic anhydrase IX (CAIX). A phase
I clinical study showed that '"’Lu-cG250 was well-tolerated in patients, could be
repetitively administered, and could prevent the progression of the disease
(Stillebroer et al. 2013). Apart from their application as theranostic agents, the use
of antibodies, especially those having fluorescent tags, is also potentially applicable
for imaging-assisted surgery (Heath et al. 2012; Muselaers et al. 2014). However,
this is beyond the scope of this chapter.

8 Nanotheranostic Systems for Gene Therapy

Gene therapy was initially intended to be used to treat hereditary diseases; however,
it also has high potential in cancer treatment (Devi 2006). Vectors for gene delivery
are viral or non-viral. Although good results of gene transfer were obtained with
viral vectors, their use still raises important issues about their safety because a few
vectors may induce mutagenesis and can cause unwanted immune responses in
patients. Functionalized gold NPs, carbon nanotubes, polymer NPs, and cationic
polymers are examples of non-viral gene vectors (Wang et al. 2012; Mok and Park
2012). Among them, polymer particles have shown potential in delivering nucleic
acids to cells and are now being investigated for theranostic purposes. One example
of these complex structures is a core—shell NP produced by the SPION loading of
mPEG-PLA micelles for the delivery of plasmid DNA coated with cationic
polymers (chitosan and PEI). These NPs are designed for T2-weighed MRI and
gene delivery and have shown efficient cell transfection in vitro and in vivo (Wang
et al. 2012). Multifunctional chitosan magnetic-graphene NPs are also promising
theranostic gene/drug delivery vehicles (developed by the same group). These
SPION-loaded NPs simultaneously deliver plasmid DNA and DOX to implanted
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tumors in mice and were suitable for MRI (Wang et al. 2013). The gene Survivin,
an inhibitor of apoptosis, is upregulated in many types of cancer. Because this gene
is not expressed in normal cells, it presents a valuable target for gene silencing by
siRNA. Theranostic liposomes were prepared from the combination of following
compounds: Gd-DOTA-DSA, CDAN, DOPC, DSPE-PEG**™, and DOPE rho-
damine through the rehydration and sonication of lipid films. Anti-Survivin siRNA
was then added by intensive vortex mixing. Liposomes were intravenously
administered into mice carrying OVCAR-3, human ovarian cancer cells. TI MR
images showed increased signal intensity upon treatment. Tumor growth was
reduced in comparison with the non-silencing negative controls. Fluorescence
microscopy imaging confirmed the colocalization of liposomes and siRNA in the
tumor (Kenny et al. 2011). These multifunctional nanocarriers are promising sys-
tems for the future of gene delivery approaches for the treatment of cancers.

9 Discussion

Early diagnosis is of utmost importance in providing efficient treatment to patients
suffering from diseases such as cancer. With respect to cancer detection, the most
encountered problems with most imaging modalities are low detection limits. In
general, tumor masses must contain at least 10° cells (having a volume of approxi-
mately 1 cm?) (Frangioni 2008) to be detectable by conventional imaging techniques.
The difficulty in developing a successful theranostic agent is in optimizing the con-
centration of the imaging probe to provide a sufficient SBR and a sufficient concen-
tration of active pharmaceutical ingredient in a single vehicle. The recent development
of nanotechnology provides the opportunity to confine multiple imaging modalities
within the same carrier. Today, we are able to visualize pathophysiological processes,
such as changes in enzyme regulation or DNA and RNA expressions at cellular and
molecular levels. This so-called molecular imaging will be important for the early
diagnoses of diseases where phenotypic changes in cells are not yet evident
(Weissleder 1999, 2002; Mulder et al. 2007). Theranostic agents have the ability to
monitor and control the location, dose, and time of drug delivery and provide a
real-time feedback of a given treatment. This enables the adjustment of subsequent
treatments for an individualized therapeutic approach. Multimodal theranostic NPs
enable molecular imaging because of the complementary functions of two or more
imaging agents colocalizing at the target site (Louie 2010; Thorsen et al. 2013).
Examples of these multi-imaging constructs are particles capable of simultaneous MRI
and fluorescence imaging. MRI provides excellent anatomical visualizations at high
resolutions, but is limited by nonspecific interactions and requires large quantities of
imaging agent. Optical fluorescence is very sensitive, has a high SBR, and can detect
molecular changes at the cellular level (Mulder et al. 2007). Multimodal delivery
systems provide advantages in single administration and have the same pharma-
cokinetic profile for each modality found in NPs. However, the development of this
type of nanosystems requires careful planning of synthesis procedures in order to
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attach two entities with different chemical properties or imaging probes whose sen-
sitivities may vary among each other up to three orders of magnitude (Louie 2010).

The encapsulation of small molecules into nanocarriers or their conjugation with
polymers changes their properties. It increases the solubility of hydrophobic
molecules by orders of magnitude; alters the pharmacokinetic profile, biodistribu-
tion, and clearance properties; and reduces systemic toxicity. Nevertheless, there are
a number of requirements that need to be fulfilled for a clinically applicable nan-
otheranostic system. In this sense, polymer NPs present a valuable option for the
future development of theranostic agents as long as the polymers used in their
preparation fulfill the following criteria: the manufacturing process should be easily
scaled up, linkages on the NP surface should be stable, and the specific activities of
the attached moieties should not be affected during the NP preparation. Moreover,
coupling chemistry protocols should be compatible with future medical applications
(Algar et al. 2011). Additionally, nanosystems need to be sterile. Up to date, it is
still difficult to have sterilization protocols that do not alter the physico-chemical
properties of the nanotheranostic formulations. Another challenge in the develop-
ment and the approval of polymer nanosystems is the natural heterogenicity of
polymers. This, along with the need to incorporate a large number of entities to NP
surface for the theranostic application, ultimately leads to complex characterization
methods (Duncan 2003; Yuan et al. 1995).

As mentioned earlier, the chances of better therapeutic outcome lie in the active
targeting of diseased tissues. Successful active targeting is very difficult to achieve due
to the limited number of highly specific cell surface epitopes expressed at the
appropriate locations. One of the key factors for the development of an efficient
therapy is regulating the particle sizes of the constructs to control their ability to cross
barriers, including basement membranes, endothelial cell linings, and in some cases
the blood-brain barrier. It has been shown that the accumulation of drug delivery
systems in solid tumors depends on the tumor type and on the fenestration of tumor
blood vessels (Yuan et al. 1995). Recent progress in the field of molecular biology and
organic synthesis has made it possible to identify and couple small ligands with
specific targeting capabilities onto the surface of NPs. The attachment of small
molecules generally favors penetration into tissues, induces fewer immunogenic
reactions, and provides better pharmacological and pharmacokinetic properties
(Weissleder 2001). In addition to size, other physical characteristics of administered
NPs, such as the polymer used in their synthesis, PEGylation, and attached ligands, all
play important role in the ability of formulations to reach and accumulate at the tumor
site (Iyer et al. 2006). Nevertheless, the EPR effect has mainly been proven in small
animals and rarely shown in humans. Murine tumors are induced by a subcutaneous or
orthotopical injection of previously cultured cancer cells which are not submitted to
immune pressure. These fast-growing tumors lack genetic diversity and they form
blood vessels unlike those in the human body. In this case much care is required when
extrapolating results from preclinical in vivo pharmacokinetics and biodistribution
studies to humans (Nichols and Bae 2014).

There are many questions concerning the safety of nanomedicines. This par-
ticularly applies to metals and polymers used in the composition of nanoconstructs.
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During initial phases of the NP development, cellular assays such as the 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) or lactate
dehydrogenase (LDH) assays are usually employed to determine the toxic potential
of their components (Haglund et al. 2009). However, these types of assays do not
reflect the real situation. Hence, acute and chronic toxicity tests should be con-
ducted in all cases.

10 Conclusion and Future Perspectives

The field of nanomedicine is growing rapidly giving rise to fascinating new plat-
forms and constructs that might provide new solutions for the expansion of ther-
anostics. Recent avenues in nanomaterials are in the field of photopolymerizable
lipids (Puri and Blumenthal 2011). Liposomes made from this type of lipid can be
used for light-triggered drug release as shown by Yavlovich et al. (2011).
Moreover, a new imaging modality is emerging for the early detection of cancer
based on Raman spectroscopy (Nijssen et al. 2009). Nanoparticle-based combina-
tion chemotherapy with particles loaded with two drug—polymer conjugates have
also been recently reported (Aryal et al. 2011). This controlled dual drug loading
may serve in creating improved polymer platforms for theranostics.

It has been shown that the enhanced nanoparticle retention at tumor sites is
achieved when an active targeting approach is used. Hence, the future of theranostic
nanomedicine lies in a hetero-multivalent ligand design of NPs. This would enable
co-operative binding interactions for further improving targeting capabilities
(Modery-Pawlowski and Gupta 2014). Another solution for the efficient active
targeting of multimodal NPs could be found in a protease-removable polymer
coating that veils attached ligands. Once the hydrophilic polymer is cleaved, the
attached moieties become exposed and can be activated (Harris et al. 2008).

Additionally,  Forster resonance energy transfer (FRET)-activated
self-immolative linker designs (Redy and Shabat 2012) show promise for prodrug
activation monitoring in vivo and can provide information about the specific
location and concentration of activated drugs in tissues.

Dendrimers, a class of well-defined multifunctional polymer nanoconstructs,
may also be a good solution for the development of theranostics. Dendrimers are
hyperbranched polymer macromolecules suitable for the controlled orthogonal
attachment of different moieties for drug transport, imaging, and targeting (Ornelas
et al. 2011; Cai et al. 2013). Many patients have already been filed and then papers
published on dendrimer synthesis and their use in theranostics for photothermal
therapy (Li et al. 2014), PDT (Sibani et al. 2008; Taratula et al. 2013; Klajnert et al.
2012), and conventional drug targeting (Huang et al. 2014). In spite of their high
potential, dendrimer synthesis is a relatively expensive multistep process that may
present problems for scale-up productions.

As mentioned, microbubbles are another possible platform for drug delivery
(Eisenbrey et al. 2009, 2010a, b; Cochran et al. 2011). As one of the major causes



580 V. Herceg et al.

of death in the world, stroke has limited timeframe for treatment application.
Currently, the recombinant tissue plasminogen activator (rtPa) is the only throm-
bolytic drug approved by the FDA and European Medicines Agency (EMA) for the
treatment of ischemic stroke (Petit et al. 2012a). Petit et al. (2012b) observed a
synergistic effect of US, microbubbles, and rtPa on clot lysis. Although it is not
exactly the type of theranostics described in this chapter, microbubbles loaded with
rtPa and equipped with a targeting ligand could potentially provide better treatment
outcomes than the aforementioned theranostic procedures. Additionally,
microbubbles are interesting for multimodal imaging purposes. Recently, Huynh
et al. (2014) reported a microbubble formulation prepared by the substitution of
50 % molar regular phospholipid (DSPC) with a porphyrin-lipid. These mi-
crobubbles were injected into mice-bearing KB tumor xenografts and imaged by
US, PAI and fluorescence. Although the microbubbles burst upon US application,
the porphyrin-lipid composition enabled the real-time tracking using PAI and
fluorescence imaging. Microbubbles with the abovementioned properties are
promising theranostic agents.

Although theranostics shows great potential for the development of medicine,
there have only been a few theranostic agents that have reached clinical trials. The
most advanced ones seem to be thermosensitive liposomes for HIFU treatment,
AuNPs for tumor thermoablation, and Ab conjugates used in radioimmunotherapy.
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