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Preface

Recent advances in nanotechnology have produced a variety of functional nanopar-
ticles such as magnetic nanoparticles, quantum dots, metallic nanoparticles, silica
nanoparticles, liposomes, polymersomes, dendrimers, etc. A key feature of these
nanoparticles is they are easier to accumulate in the tumor than in healthy tissues. It
has been found that the small size of nanoparticles can have profound impact on
their mode of endocytosis, cellular trafficking, and processing. Due to the unique
attributes such as electronic, magnetic, optical, and structural properties, nanopar-
ticles have been shown to be capable of functioning either as carriers for chemo-
therapeutic drugs to improve their therapeutic efficacy or as therapeutic agents in
photodynamic, gene, thermal, and photothermal therapy or as molecular imaging
agents to detect and monitor cancer progression.

The successful integration of diagnosis and therapy on a single agent using mul-
tifunctional nanoparticles has led to the birth of a new, highly interdisciplinary
research field named “nanotheranostics,” which has given hope in developing inno-
vative strategies to enable “personalized medicine” to diagnose, treat, and follow up
patients with cancer.

Nanotheranostic agents may offer us a powerful tool for the in vivo assessment
of drug biodistribution and accumulation at the target site, for the minimally inva-
sive in vivo visualization of the drug release from a provided nanovehicle, and for
the prediction and real-time monitoring of therapeutic outcome. Thus, constructing
compact nanoformulations with highly integrated modalities is of the essence in
nanotheranostics. Yet, it has been proven to be a big challenge to fuse multiple com-
ponents on a single nanoscale particle for combined diagnostics and therapy.

Although efficient cancer therapy is still problematic, currently nanotheranostics
develops very fast with significant achievements, fostering a new avenue for cancer
therapy and diagnosis. To translate these applications into clinical use, the nanother-
anostic agents must be optimized by starting with small-animal models and scaling
up to nonhuman primate models. This should lay a solid foundation for the long-
term development of nanotheranostics into clinical medical practice.

A survey of the recent advances and basic principles of nanotheranostics with a
particular emphasis on the design and fabrication of various multifunctional
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nanoparticles for cancer imaging (diagnosis) and therapy is summarized in two vol-
umes of books entitled Advances in Nanotheranostics I: Design and Fabrication of
Theranostic Nanoparticles and Advances in Nanotheranostics II: Cancer
Theranostic Nanomedicine.

The volume Advances in Nanotheranostics I: Design and Fabrication of
Theranostic Nanoparticles has three parts: Part I Gold Nanostructure-Based
Theranostics, Part II Theranostic Luminescent Nanoparticles, and Part III
Dendrimers and Liposomes for Theranostics. Part I includes three chapters, sum-
marizing synthesis, surface modification, and functionalization of gold nanostruc-
tures and their use as therapeutic components, imaging contrast agents, and
theranostic platforms for imaging-guided therapy. Part II contains four chapters,
each focusing on one of the following: fabrication of lanthanide-doped upconver-
sion nanoparticles, quantum dots, and organic dye-loaded nanoparticles, as well as
their applications for multimodal imaging and imaging-guided drug delivery and
therapy. Part III consists of three chapters, reviewing dendrimers and liposome-
based nanodevices, nanoscale imaging agents, drug delivery systems, and theranos-
tic nanosystems for cancer treatment, respectively.

The volume Advances in Nanotheranostics II: Cancer Theranostic Nanomedicine
has the following structure: Part I Magnetic Nanoparticles for MRI-Based
Theranostics, Part IT Ultrasonic Theranostic Agents, and Part III Nanoparticles for
Cancer Theranostics. Part I contains three chapters, describing controlled synthesis
and surface modification of magnetic nanoparticles, molecular imaging of tumor
angiogenesis, and MRI-based theranostics with magnetic nanoparticles. Part II con-
sists of three chapters, summarizing ultrasound contrast agent-based multimodal
imaging, drug delivery and therapy, and hollow mesoporous silica nanoparticles for
magnetic resonance/ultrasound imaging-guided tumor therapy. Part III includes
four chapters, demonstrating multifunctional nanoprobes for multimodality imag-
ing and therapy of gastric cancer, nanoparticles for molecular imaging-guided gene
delivery and therapy, silica nanoparticles, and micelles for cancer nanotheranostics,
respectively.

It is hoped that these books will be of great interest for readers who want to fol-
low up the exciting new development in theranostic nanomedicine. Each chapter
was written by well-recognized experts in the related field. I would like to thank the
authors most sincerely for their excellent contributions and congratulate them for
the brilliant efforts that have resulted in these superb volumes. I also want to express
my thanks to Professor Min Wang at the Department of Mechanical Engineering,
University of Hong Kong, who is the Series Editor of Springer Series in Biomaterials
Science and Engineering, and Springer Beijing office for providing me such a won-
derful opportunity to edit these books, especially Ms. June Tang and Ms. Heather
Feng for their support in publishing these volumes.

Beijing, China Zhifei Dai
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Gold Nanostructures Based Theranostics



Chapter 1
Near-Infrared Light-Mediated Gold
Nanoplatforms for Cancer Theranostics

Liming Wang, Yingying Xu, and Chunying Chen

Abstract In the past decade, great advances have been achieved for the biomedical
application of gold (Au) nanostructures. Due to their unique physicochemical prop-
erties, Au nanostructures have been extensively explored for their use in cancer cell
imaging, photothermal therapy, as well as drug/gene delivery. The facile control of
synthesis and surface functionalization help the construction of multifunctional Au
nanostructures for cancer diagnosis and treatment. Recently, Au nanostructure-
based theranostic platforms have been extensively explored, and great advantages
have been demonstrated. This chapter summarizes the recent progress of Au nano-
structures as contrast agents for cancer imaging, as therapeutic composites for
photothermal therapy and drug/gene delivery, and as multifunctional theranostic
platform for cancer. The surface functionalization of Au nanostructures including
noncovalent and covalent modification will also be discussed. We focus on the
near-infrared (NIR) light-mediated cancer theranostics using Au nanostructures
including Au nanoshells (AuNSs), Au nanorods (AuNRs), hollow Au nanospheres
(HAuNSs), and Au nanocages (AuNCs).

Keywords Au nanostructures ® Imaging ¢ Photothermal therapy ¢ Surface plasmon
resonance ® Cancer theranostics
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1.1 Introduction

At present, cancer remains one of the major causes of human death in the world.
Traditional cancer treatments, including surgery, chemotherapy, and radiotherapy,
usually fail to radical cure because of the recurrence and metastasis of cancer.
Chemotherapy, one of the most commonly used cancer treatments, has contributed
greatly to reductions in cancer mortality. However, chemotherapeutic agents often
cause adverse effects such as liver and kidney damage, hair loss, nausea, and cardiac
toxicity [1-3]. These systemic hazards are generally due to the lack of drug specific-
ity toward tumorigenic cells [4]. What’s more, chemotherapy usually leads to drug
resistance and causes treatment failure [5]. Therefore, there is an urgent need for the
development of novel anticancer strategy.

Over the past decade, nanostructure-based cancer therapy and diagnosis have
been largely explored. Among them, various types of Au nanostructures have been
synthesized by scientists with tunable size and shapes (Fig. 1.1) [6—16]. These gold
(Au) nanostructures are promising candidates for cancer theranostics because of
their intrinsic physicochemical properties [17, 18]. Several unique features make
Au nanostructures particularly suitable for cancer treatment and diagnosis. First, the
small size of Au nanostructures enables them to preferentially accumulate at tumor
sites either via passive targeting (i.e., the enhanced permeability and retention
effect) or active targeting facilitated by tumor-targeting ligands conjugation. Second,
the near-infrared (NIR, 650-900 nm) light absorption and scattering of Au nano-
structures makes them excellent candidates as contrast agents for NIR imaging such
as light scattering imaging, two-photon luminescence imaging, and photoacoustic
tomography. Third, efficient light absorption and rapid heat conversion make Au
nanostructures efficient photothermal conducting agents used in cancer photother-
mal ablation therapy. Last, the facile surface chemistry of Au nanostructures eases
the simultaneous delivery of drugs, ligands, or imaging contrast agents, which
enables the design of multifunctional theranostic nanoplatforms.

In this chapter, we review the recent progress on the NIR light-mediated Au nano-
platforms for cancer theranostics. We first summarize the recent progress on Au nano-
structures used for NIR light-triggered optical imaging for cancer and then the
hyperthermia therapy of cancer with Au nanostructures by the means of their photo-
thermal effects. The functionalization of Au nanostructures including noncovalent and
covalent chemical modification will also be discussed. We emphasize on the researches
of NIR light-mediated theranostics application of Au nanoshells (AuNSs), Au
nanorods (AuNRs), hollow Au nanospheres (HAuNSs), and Au nanocages (AuNCs).

1.2 Near-Infrared Light-Mediated Cancer Imaging
by Au Nanostructures

One of the most dramatic and useful properties distinguishing nanoscale Au from its
bulk form is the interaction between gold and light. When an Au nanoparticle is
irradiated with light, strong absorption and/or scattering will occur at specific
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Fig. 1.1 Au nanomaterials of different shapes with potential biomedical use. (a) Au nanospheres
(Reprinted with permission from ref. [6]. Copyright 2003, American Chemical Society). (b)
Hollow Au nanospheres (Reprinted with permission from ref. [7]. Copyright 2005, American
Chemical Society). (¢) Au nanoclusters (Reprinted with permission from ref. [12]. Copyright
2011, American Chemical Society). (d) Au obtuse triangular bipyramids (Reprinted with permis-
sion from ref. [15]. Copyright 2011, American Chemical Society). (e) Au stars (Reprinted with
permission from ref. [16]. Copyright 2012, Royal Society of Chemistry). (f) Au nanoboxes and (g)
Au nanocages (Reprinted with permission from ref. [9]. Copyright 2007, American Chemical
Society). (h) Au nanocubes (Reprinted with permission from ref. [10]. Copyright 2010, American
Chemical Society). (i) Au nanorods (Reprinted with permission from ref. [11]. Copyright 2010,
Elsevier Ltd.) (j) Au dog bones (Reprinted with permission from ref. [8]. Copyright 2006, John
Wiley & Sons, Inc.). (k) Au@Pt nanorods with Pt nanodots (Reprinted with permission from ref.
[13]. Copyright 2011, Elsevier Ltd.). (I) Mesoporous silica-coated Au nanorods (Reprinted with
permission from ref. [14]. Copyright 2014, John Wiley & Sons, Inc.) Except of Fig. 1.1c, scale bar
in all figures indicates 50 nm

resonant wavelength, which is known as localized surface plasmon resonance
(LSPR). This phenomenon has been used for hundreds of years to give a brilliant
color to stained glass and decorative artworks. However, the systematic study only
began until 1857, when Michael Faraday demonstrated the synthesis of Au colloids
in an aqueous medium and attributed the bright colors of the solutions to colloidal
Au [19]. Then in 1908, by solving Maxwell’s electromagnetic equation, Mie et al.
attributed the intense colors in Faraday’s Au solution to the absorption and scatter-
ing of light by Au nanospheres present in the solution [20]. John Turkevich pio-
neered a robust and simple synthesis method in 1951 [21]. Based on these studies,
researchers developed novel strategies to exploit the unique physicochemical
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properties and application of Au nanostructures [22-24]. By utilizing their optical
properties, Au nanostructures have been extensively investigated for biomedical
applications including biosensing, imaging, and cancer theranostics in recent years
[25-28].

The frequency and cross section of LSPR absorption depend greatly on the size,
shape, morphology, and dielectric environment of the Au nanostructures [29, 30].
For Au spherical nanoparticles (AuNSs), the LSPR absorption is at about 520 nm,
and the peak wavelength varies slightly depending on the size and the embedding
medium [29]. However, Au nanostructures such as nanoshells, nanorods, hollow
nanospheres, and nanocages exhibit well-defined LSPR absorption features from
the visible to the NIR region [31]. The optical properties of Au nanostructures
enable their application as novel imaging and sensing probes. Due to the sensitivity
of a nanostructure’s LSPR to its surrounding environment, Au nanostructures have
been developed as biosensors based on the shift of the LSPR for the detection of the
local refractive index/dielectric constant of the environment surrounding the Au
nanostructures [32].

Besides as biosensors, Au nanostructures with LSPR in the NIR region are also
developed as novel imaging probes due to their interesting optical properties [33,
34]. Au nanostructures are especially attractive for their highly efficient absorption
in the NIR region, a spectral window minimally absorbed by skin and tissue, which
permits photons to penetrate biological tissues with relatively high transitivity. Au
nanostructures have been employed as contrast agents for cancer imaging by using
several imaging tools including dark-field microscope, two-photon luminescence
(TPL), photoacoustic tomography (PAT), X-ray computed tomography (CT), opti-
cal coherence tomography (OCT), and surface-enhanced Raman scattering (SERS).

1.2.1 Dark-Field Microscopy

Au nanostructures exhibit enhanced Rayleigh scattering originating from their
LSPR, which is heavily dependent on the nanostructure size and shape [35, 36].
Dark-field microscopic imaging is based on the intense light scattering ability of Au
nanostructures [37]. The transmitted light is blocked, and scattered light is col-
lected, showing bright scattering particles against a dark background. Compared to
fluorescent dye molecules, the scattering cross sections of Au nanostructures give
stronger photon intensity by more than four to five orders of magnitude [38].
Therefore, high-contrast images are attainable if the Au nanostructures accumulate
within cancer cells by passive or active targeting.

Sokolov et al. functionalized AuNPs with the anti-epidermal growth factor
receptor (EGFR) antibodies and observed bright light emission under dark-field
monochromatic light illumination inside cervical cancer cell line SiHa, which over-
expressed EGFR on the cell membrane. However, AuNPs functionalized with
bovine serum albumin were not observed in the cell, which illustrated the necessity
of EGFR-mediated targeting for cancer cell imaging [39]. El-Sayed et al. compared
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the cellular binding and uptake of anti-EGFR conjugated AuNPs in nonmalignant
malignant epithelial cell lines by dark-field imaging [40]. After incubation with
anti-EFGR conjugated AuNPs, cancerous cells exhibited stronger light scattering
than healthy cells when imaged using a dark-field microscopy, which demonstrated
the great sensitivity of using dark-field light scattering to identify cancerous cells.
Scattering from AuNPs has also been used for tracking dynamics of cancer cell
mitosis and cell division [41].

Dark-field imaging has also enabled visualization of Au nanorods (AuNRs)-
mediated cancer cell targeting and cellular localization [42, 43]. Huang et al. also
observed strong light scattering from AuNRs in the NIR region [44]. They conju-
gated AuNRs with anti-EGFR antibodies to target two malignant epithelial cell
lines, human oral squamous carcinomas HSC and HOC. The conjugate selectively
accumulated in the malignant cell lines but not in a benign cell line HaCat (Fig.
1.2a, b). Oyelere et al. used the enhanced light scattering in a dark-field arrangement
to identify nuclear localization of AuNRs after conjugation with nuclear localizing
sequence (NLS) peptides [45]. Although the peptide-conjugated AuNRs were dis-
tributed into both nucleus and cytoplasm in either normal or cancer cells, the AuNRs
were more concentrated in the nucleus of the cancer cells (Fig. 1.2c, d). By using

Fig. 1.2 Images of intracellular AuNRs. (a, b) Light scattering images of anti-EGFR-conjugated
AuNRs after incubation with HaCaT nonmalignant cells (a) and HSC malignant cells for 30 min
at room temperature (Reprinted with permission from ref. [44]. Copyright 2006, American
Chemical Society). (¢, d) HaCat normal cells (¢) and HSC cancer cells (d) treated with nuclear
localizing sequence (NLS) peptide-conjugated AuNRs. Scale bar: 10 pm (Reprinted with permis-
sion from ref. [45]. Copyright 2007, American Chemical Society)
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dark-field microscopy and electron microscopy, Ding et al. studied the uptake and
distribution of transferrin (Tf)-conjugated AuNRs in HeLa cells, which overex-
pressed the transferrin receptor (TfR) [46]. Minimal cellular uptake was observed
with untargeted AuNRs compared to the conjugated AuNRs, which demonstrated
receptor-mediated uptake of AuNRs into HeLa cells. Dark-field imaging has also
been used for real-time tracking of AuNRs-induced DNA damage, causing cytoki-
nesis arrest and apoptosis in cancer cells [47].

1.2.2 Two-Photon Luminescence (TPL)

Photoluminescence from Au nanostructures has drawn extensive interest in the past
decade due to their bright, non-blinking, and stable emission. TPL of Au nanostruc-
tures exhibit increased light-penetration depth, submicron spatial resolution, low
background fluorescence, and reduced photodamage to living tissues [48, 49]. Two-
photon absorption occurs when Au nanostructures are excited with a femtosecond
pulsed-NIR laser resonant with the surface plasmon energy. TPL is able to produce
very strong signals under NIR laser excitation, even allowing single nanoparticle to
be detected [50].

AuNRs, AuNSs, AuNCs, Au nanostars, and other nanostructures have been
extensively exploited as TPL contrast agents. For instance, Durr et al. studied the
capability of TPL imaging in a 3D tissue model using anti-EGFR antibody-
conjugated AuNRs to target cancer cells embedded in the collagen matrices. The
TPL signals of AuNRs are three orders of magnitude stronger than the autofluores-
cence from the surrounding tissues. These results demonstrated that AuNRs have
strong signal, resistance to photobleaching, and good chemical stability and can
serve as attractive contrast agent for TPL imaging of cancers [51]. Anti-EGFR
antibody-conjugated AuNRs were also investigated for their effective binding both
in A431, human squamous carcinoma cell line cells, in vitro and subcutaneous
xenografts of A431 from Swiss nu/nu mice in vivo by using TPL imaging [52].
Tong et al. studied the targeting of folate-conjugated AuNRs and photo-induced
injury to KB cancer cells and NIH-3T3 normal fibroblasts using TPL imaging. The
localization of AuNRs after different incubation time was visualized, illustrating
ligand-receptor binding-mediated endocytosis [53] (Fig. 1.3a—c). Selective targeting
and internalization of chitosan oligosaccharide-modified AuNRs were visualized
via TPL imaging in human oral adenosquamous carcinoma cell line CAL 27.

Further in vivo studies performed via NIR laser irradiation revealed similar tar-
geting of the AuNRs conjugates in CAL 27 xenograft tumors [54]. By using fluo-
rescence lifetime imaging microscopy (FLIM), which provides images with better
contrast and sensitivity than intensity imaging, Zhang et al. studied the imaging of
AuNRs in Madin-Darby canine kidney (MDCK) cells. They demonstrated that the
characteristic fluorescence lifetime of AuNRs was less than 100 ps and could be
used to distinguish AuNRs from other fluorescent labels and endogenous fluoro-
phores in lifetime imaging [55]. As shown in Fig. 1.4a—c, AuNRs have the maximal
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Fig. 1.3 (a—c) Targeted adsorption and uptake of folate-conjugated AuNRs (F-AuNRs, red) by
KB cells overexpressing folate receptors. (a) A high density of F-AuNRs was observed on the
surface of KB cells after 6 h incubation at 37 °C. (b) F-AuNRs were internalized into KB cells and
delivered to the perinuclear region after 17 h incubation. (¢) No binding was observed of F-AuNRs
to NIH-3T3 cells, which express folate receptors at a low level. Scale bar=10 pm (Reprinted with
permission from ref. [53]. Copyright 2007, John Wiley & Sons, Inc.)

.. %

Fig. 1.4 Two-photon luminescence imaging of AuNRs and Au nanoshells in vitro and in vivo. (a)
Luminescence emission spectrum of AuNRs when excited by two-photon laser at an optical wave-
length of 765 nm, which is the LSPR maximum of these AuNRs (Reprinted with permission from
ref. [14]. Copyright 2014, John Wiley & Sons, Inc.). (b, ¢) TPL images of serum protein-adsorbed
CTAB-capped AuNRs with the organelles of human lung cancer cell line (A549). The green fluo-
rescence indicates the AuNRs and the red color indicates the lysosomes (b) or the mitochondria
(c). (Reprinted with permission from ref. [56]. Copyright 2011, American Chemical Society)
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LSPR absorption, enabling TPL imaging of AuNRs inside cells. Based on TEM and
TPL images, Wang et al. observed that CTAB-capped AuNRs can target the mito-
chondria of human lung cancer A549 cells and kill them efficiently. These AuNRs
have a less storage at the lysosomes in normal human bronchiolar epithelial cell
lines compared to cancer cells, which cause negligible effects on cell viability [56].
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Besides AuNRs, Au nanostars have also been used as TPL contrast agents. Au
nanostars functionalized with wheat-germ agglutinin have been utilized to image
the cellular uptake in breast cancer cells, as well as the circulation in the vasculature
in vivo in mouse models [57].

AuNSs [49, 58] and AuNCs [59] have also been extensively exploited as TPL
contrast agents. The injected AuNS into a Balb/c mouse with subcutaneous tumors
can clearly show the tumor and blood vessel structure based on in vivo TPL imaging
[47]. AuNSs could be observed even as single nanoshell particles in blood vessels
and generate optical contrast for blood vessel structure using TPL microscopy,
which enable the tracking of AuNSs in vivo [60]. TPL of AuNCs has been used
to examine the uptake of antibody-conjugated and PEGylated AuNCs by
US7MGWEGER cells. Antibody-conjugated AuNCs could be attached to the surface
of the cells and internalized into the cells via receptor-mediated endocytosis [61].

1.2.3 Photoacoustic Tomography (PAT)

PAT is a new combinational imaging method which detects the ultrasonic waves
thermoelastically converted by photons in tissue through the photoacoustic effect. It
requires a nanosecond-pulsed laser as an excitation source to stimulate thermal and
acoustic responses. And acoustic waves are detected by an ultrasonic transducer to
subsequently form a high-resolution tomographic image. The materials used for
PAT imaging need to be able to absorb light and convert it into heat efficiently.
Au nanostructures are ideal candidates for PAT imaging for their LSPR-based light
absorption.

Au nanostructure-mediated PAT has been realized with AuNPs [62], AuNRs
[63], and AuNSs [64]. Mallidi et al. performed multiwavelength PAT on gelatin
implants in ex vivo mouse tissue containing anti-EGFR-labeled AuNPs targeted to
epithelial carcinoma cells. High sensitivity and selectivity in the photoacoustic sig-
nal were achieved with the molecularly targeted AuNPs compared to nontargeted
AuNPs and a NIR-absorbing dye [65]. Kim et al. investigated AuNCs conjugated
with melanocyte-stimulating hormone for molecular PAT of melanomas in vivo.
Compared to unconjugated AuNCs, a 300 % enhancement of contrast was achieved
compared to the control PEGylated AuNCs [66]. AuNC-enhanced PAT was also
used for sentinel lymph node mapping in a rat model, which provided valuable
information for metastatic cancer staging [67]. Due to the tunable optical absorption
property of AuNRs, multiple selective targeting on oral cancer cells both in vitro
and in vivo can be observed according to PAT imaging [68]. The contour of the
tumor region was sharply visualized in fusion images acquired from PAT signals
with antibody-mediated targeting, while imaging was not obtained at the tumor sites
of mice injected with AuNRs alone. Intracellular AuNRs imaging was reported by
Yang et al. Using a homemade photoacoustic microscope, time-dependent cellular
uptake and distribution of AuNRs in human breast adenocarcinoma cell line were
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Injection of
Au@SiO,-
labeled MSCs

Fig. 1.5 (a) In vivo backscatter mode ultrasound (gray scale) and PAT (red) images of the intra-
muscular injection of a negative control (No Au@SiO,, no cells) and Au@SiO,-labeled mesenchy-
mal stem cells in 50 % matrigel/PBS into hind limb muscle of an athymic mouse. “b” indicates
bone and the red-dashed circle highlights the injection (Reprinted with permission from ref. [70].
Copyright 2012, American Chemical Society). (b) PAT and fluorescence imaging of NIR-
liposome-AuNR hybrids in (b1, b2) the brain and (b3, b4) tumor tissue. (b1, b2) PAT image after
injection of 5 pL of the hybrid into the dorsal third ventricle (D3V) of the mouse brain. (b3, b4)
Images are obtained 6 h after injection of the hybrid into an HT29 xenograft (T). (b2, b4)
Corresponding images of cryosectioned brain tissue and tumor tissue. Abbreviations: SSS superior
sagital sinus, LV lateral ventricle, 3V third ventricle. The green overlay shows PAT signal from the
AuNRs. The grayscale background is an optoacoustic image taken at 900 nm (Reprinted with
permission from ref. [74]. Copyright 2012, American Chemical Society)

successfully monitored [69]. Recently, mesoporous silica-coated AuNRs (Au@
Si0,)-based PAT imaging has been investigated. Jokerst et al. reported PAT imaging
of mesenchymal stem cells in living mice via Au@SiO, [70]. They monitored
mesenchymal stem cells in living mice via Au@SiO2 and found that the silica layer
enhanced the photoacoustic signal of AuNRs (Fig. 1.5a). These studies demonstrate
that Au nanostructures have great potential for contrast enhancement of PAT imaging.
With the development in rational design and preparation of unique nanostructures
with targeting capacity, the desired spatiotemporal resolution of PAT will be realized.

1.2.4 X-ray Computed Tomography (CT)

X-ray CT is an imaging technique based on the different absorption of X-ray by
different compositions of the tissue. Small iodinated molecules are generally used
as contrast agents in X-ray CT due to their high X-ray absorption coefficient.
However, these contrast agents generally experience rapid renal excretion and allow
very short time imaging.
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Recently, Au nanostructures have attracted much attention as CT contrast agents
for the detection of cells and tissues due to their strong X-ray absorption ability. von
Maltzahn et al. developed a PEG-coated AuNRs which exhibited twofold higher
X-ray absorption than a clinical iodine contrast agent [71]. By using X-ray CT, the
biodistribution and accumulation of PEG-AuNRs were monitored. With four-
dimensional biodistribution-based heat transfer simulations, they achieved com-
plete tumor regression in mice treated with PEG-AuNRs following computationally
tailored irradiation. Luo et al. reported Au@SiO, loading the cyaninedye indocya-
nine green (ICG) for the dual modality of X-ray CT and fluorescence imaging [72].
They demonstrated that Au@SiO, could enhance the CT contrast significantly and
multiplexed images could be obtained by this dual-mode imaging. By conjugating
Au@SiO, with the tumor-targeting molecule folic acid, the same group used X-ray
CT to monitor the tumor-targeting ability of folic acid-conjugated Au@SiO, [73].

1.2.5 Optical Coherence Tomography (OCT)

OCT is a newly developed optical imaging technique which can capture three-
dimensional cellular and subcellular tissue morphology using the coherence-gated
detection of scattered light. OCT is based on low-coherence interferometry, in
which tissue is illuminated with light of low coherence in NIR region, and the
detection is based on coherence matching between the incident and reflected beams.
Au nanostructures have been used as OCT contrast-enhancing agents due to their
intense optical absorption or scattering ability (Fig. 1.5b) [70, 74].

Zagaynova et al. employed NIR-resonant AuNSs as OCT contrast agents for
deep tissue (up to 2 mm depth) imaging of rabbit epidermal tissue. AuNSs enhanced
the OCT signal of the different regions of the dermis with high spatiotemporal reso-
lution [75]. AuNRs-mediated OCT contrast enhancement was also reported in
human breast tissue samples [76]. AuNRs significantly enhance the tissue depth for
the detection of OCT signals. In another work, AuNRs uptake in sentinel lymph
node (SLN) of mice in situ was monitored by OCT imaging [77]. Improved resolu-
tion was obtained with AuNRs-mediated OCT system compared to conventional
scattering OCT. Kim et al. employed AuNPs conjugated with anti-EGFR antibodies
to enhance OCT contrast of oral dysplasia in a hamster model in vivo [78]. By using
microneedles and ultrasound, the distribution and penetration depth of AuNPs into
skin tissue were improved, and obvious differences could be observed between
micro-morphologies of the carcinogen-treated and untreated epithelial tissues with
OCT imaging. This study demonstrates an effective approach to improve the pene-
tration and transportation of nanoparticles for OCT contrast enhancement for the
early diagnosis of cancer.
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1.2.6 Surface-Enhanced Raman Scattering (SERS)

SERS was first reported in the late 1970s. When a molecule is absorbed on rough
metal surfaces or nanostructures, Raman signal enhancement occurs and results in
up to 10'* enhancement compared to traditional Raman scattering [79]. Although
the exact mechanism that results in surface enhancement has not been completely
elucidated, there are two generally accepted mechanisms, electromagnetic (EM)
and chemical enhancement (CE). The EM mechanism requires the excitation
of the LSPR of a surface, which leads to an increase in the local EM field. The CE
involves charge transfer interactions between the surface and the molecules adsorbed
on it [80]. The EM is the dominant mode of enhancement between the two
mechanisms.

Due to the strong LSPR, Au nanostructures can enhance the Raman signals of
the molecules absorbed on their surface by many orders of magnitude. The Au
nanostructure-based SERS enable ultrasensitive biomarkers detection, SERS-based
imaging, and image-guided therapy [81-85]. Huang et al. reported label-free SERS
for cancer identification using tumor-targeting AuNRs [86]. They recorded the
SERS spectra in cancerous and healthy cell lines incubated with anti-EGFR
antibody-conjugated AuNRs. The signals of SERS spectra obtained from cancerous
cells were greatly enhanced. Kang et al. utilized AuNPs to obtain SERS spectra of
living HSC-3 cells throughout the entire life cycle [87]. AuNPs were functionalized
with nuclear localizing sequence (NLS) peptides to facilitate AuNPs nuclear local-
ization. The different phases of cell cycle were simultaneously recorded by Rayleigh
images and Raman spectra in real time, and the phase-specific SERS bands could be
identified by the observed Raman DNA and protein peaks.

Dual modality imaging has been recently investigated with iron oxide-Au het-
eronanostructures functionalized with a Raman-active dye molecule, DTTC
(AuMN-DTTC). The probe can be visualized both in silico and in vivo in deep tis-
sue in live animals. After injecting the nanostructures deep into the gluteal muscle,
MRI-SERS imaging was obtained, and Au nanostructure-mediated Raman enhance-
ment was clearly observed [88] (Fig. 1.6). Wang et al. labeled AuNPs with epider-
mal growth factor (EGF) peptide for circulating tumor cells (CTCs) targeting. CTCs
are cells circulating in the bloodstream which have been shed from a primary tumor.
CTCs are responsible for the development of tumor metastasis. By using SERS,
they successfully identified CTCs from blood samples of patients with different
stages of squamous cell carcinoma of the head and neck, with a range of 1 to 720
CTCs per milliliter of whole blood [89]. These results demonstrate that Au
nanostructure-based SERS imaging may provide a promising platform for multi-
modal imaging and imaging-guided cancer therapy.
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Fig. 1.6 MRI and Raman spectroscopy of AuNPs complexed with dextran-coated superparamag-
netic iron oxide nanoparticles (AuMN-DTTC) in vivo. (a) A schematic of the probe injection
setup. The experimental AUMN-DTTC probe was injected in the deep right gluteal muscle. A
control probe was injected in the contralateral muscle. (b) In vivo T2-weighted MR image of a
mouse-injected intramuscularly (i.m.) with AuMN-DTTC and the control probe, AuNPs. Notable
loss of signal intensity associated with the site of the AuUMN-DTTC injection indicated the suit-
ability of the probe as an in vivo MRI contrast agent. (¢) Calculated T2 values based on multiecho
T2-weighted MRI. The T2 relaxation time of AuMN-DTTC was significantly lower than both
noninjected muscle and muscle injected with AuNPs (n=3; Student’s ¢ test; p <0.05). (d) A photo-
graph demonstrating the Raman spectroscopy experimental setup. (e) In vivo Raman spectra of a
mouse-injected i.m. with AuMN-DTTC and the control probe, AuMN. The in vivo Raman spectrum
of muscle injected with AuUMN-DTTC has a clear SERS signature, which is indistinguishable from
that obtained ex vivo and in silico and is absent in skin tissue and in muscle injected with the con-
trol probe (Reprinted with permission from ref. [88]. Copyright 2011, American Chemical Society)

1.3 Cancer Photothermal Therapy by Au Nanostructures

One of the major therapeutic applications of Au nanostructures is to treat cancers as
photothermal therapy agents. Au nanostructures can efficiently absorb light fol-
lowed by rapid heat conversion, which makes them suitable candidates for cancer
photothermal therapy. Additionally, the absorption wavelength of Au nanostruc-
tures can be easily tuned to the NIR region by changing their size and shape, which
allows high-depth cancer photothermal therapy in tissues.
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The early research about Au nanostructure for photothermal therapy was spherical
AuNPs reported by Lin and co-workers in 2003. They conjugated AuNPs with
IgG to target the CD8 receptor on the peripheral blood lymphocyte cells. After
irradiation with a nanosecond-pulsed visible laser, they found that 95 % of cells
containing as few as ~500 nanoparticles per cell were killed (versus 5-8 % in a
control treatment) [90]. After that, El-Sayed group reported selective cancer photo-
thermal therapy using spherical AuNPs conjugated to anti-EGFR antibodies [91].
The tumor-targeting AuNPs could specifically accumulate in HSC and HOC human
oral squamous cell lines while not in a benign cell line (HaCaT). Under the irradia-
tion of a continuous wave argon ion laser at 514 nm, the two cancer cell lines were
damaged by hyperthermia within 4 min at laser energy thresholds of 19 and 25 W/cm?
respectively, which is much less than that of the benign cells (57 W/cm?). The results
indicated a selective photothermal damage of cancer cells.

The absorption and scattering coefficients AuNRs are an order of magnitude
higher than those of AuNPs and AuNSs. Therefore, the applications of AuNRs for
cancer photothermal therapy have been extensively investigated in the past decade.
Tong et al. studied the mechanism of hyperthermia-induced cell necrosis by folate-
conjugated AuNRs [53]. They observed a rapid increase in intracellular calcium
induced by photothermal therapy. Additionally, disruption of the actin-network and
the formation of membrane blebs were observed. The authors found that the dam-
age to the cells was more effective when AuNRs were adsorbed to the cell surface
prior to uptake. They thus attributed the cell necrosis to the disruption of the plasma
membrane. To avoid photothermal damage to the healthy cells, Rejiya et al. conju-
gated AuNRs with anti-EGFR antibody [92]. The targeting efficiency of anti-
EGFR-AuNRs to tumor was evaluated by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and immunofluorescence studies, which showed
much higher cellular uptake of anti-EGFR-AuNRs by A431 cells compared to
unconjugated AuNRs. With laser irradiation, anti-EGFR-AuNRs treatment induced
92 % mortality of the carcinoma cells, while only 9 % cell death was induced by
unconjugated AuNRs treatment. The author also demonstrated that anti-EGFR-
AuNRs selectively induced cancer cell apoptosis through ROS-mediated mitochon-
drial pathway under low power laser exposure. By using PEG-conjugated AuNRs,
Dickerson et al. studied the cancer photothermal therapy in vivo [93]. The nanopar-
ticles were injected intravenously or directly to subcutaneous squamous cell carci-
noma xenografts grown in nude (nu/nu) mice. Suppression of tumor growth was
observed by NIR laser- induced hyperthermia after intravenous or direct injection.
Lietal. investigated the cancer photothermal therapy of RGD-conjugated dendrimer-
modified AuNRs (RGD-AuNRs) in vivo [94]. RGD-AuNRs could specifically tar-
get tumor cells overexpressing o,f3; integrin both in vitro and in vivo. The selective
destructive effects on solid tumors under NIR laser irradiation were therefore
achieved. Our group has designed mesoporous silica-coated AuNRs (Au@SiO,)
loaded with doxorubicin (DOX) for simultaneous TPL imaging, photothermal ther-
apy, and drug delivery in cancer cells [95]. NIR light-triggered drug release was
realized for chemotherapy by low-intensity NIR laser irradiation, while higher irra-
diation intensity also induced obvious hyperthermia effects of the AuNRs for direct
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cell killing. Synergistic effect was achieved for combined thermo-chemotherapy
compared to hyperthermia or chemotherapy alone (Fig. 1.7).

Photothermal therapy of AuNSs has also been studied extensively to treat cancer,
and the nanoshells are currently under FDA-trial. AuNSs exhibit similar optical
properties to AuNPs, and the LSPR of AuNSs can be shifted to the NIR region,
which is dependent on the relative thickness of Au shell to the core size [96]. Hirsh
et al. first demonstrated that AuNSs as photothermal agents can be formulated with
a dielectric silica core and an ultrathin Au shell [97]. Bernardi et al. conjugated
AuNSs with antibodies against interleukin-13 receptor-alpha 2 (IL13Ra2) to target
medulloblastoma and glioma human brain tumor cell lines [98]. The tumor-targeting
AuNSs induced photothermal ablation in the two cell lines in vitro with high speci-
ficity and sensitivity. Day et al. reported in vivo photothermal therapy of glioma
tumor models and demonstrated much longer survival rate of mice that were admin-
istered with nanoshells compared to that of mice with only laser treatment [99].
Combined cancer therapy has been reported by combining photothermal therapy
and radiotherapy. AuNSs-mediated photothermal therapy can increase tumor vascu-
lar perfusion and reduces the resistance of the hypoxic region of tumors to radio-
therapy [100].

These studies demonstrate the great potential of Au nanostructure-mediated
hyperthermia in cancer therapy. Using the Au nanostructure-mediated photothermal
therapy, multifunctional platforms could be constructed combining photothermal
therapy with cancer imaging or other treatment strategies. In the past decade, Au
nanostructures with unique geometrics have been explored for new diagnostic and
therapeutic applications. The tunable geometric shapes endow Au nanostructures
with unique LSPR effects, which make them highly potential both in cancer imag-
ing and therapy. In addition, the easy functionalization of Au nanostructures endows
them readily be adapted to various biomedical applications.

1.4 Functionalization of Au Nanostructures

One of the most advantageous properties of Au nanostructures in the biomedical
field is their surface stability, which affords facile surface functionalization with
various biological molecules. By noncovalent and covalent surface modification,
specific biological targeting, imaging, and diagnostic molecules can be attached to
Au nanostructures. Besides, the potentially toxic initial-stabilizing agents during
the synthesis of Au nanostructures can be removed and replaced to improve their
biocompatibility. For instance, AuNRs prepared by the wet chemical seed-mediated
synthesis are coated with the surfactant of cetyltrimethylammonium bromide
(CTAB), which makes the surface of AuNRs positively charged and prevents their
aggregation. However, CTAB can cause cytotoxicity by disrupting the biomem-
brane integrity [11]. Noncovalent modifications include electrostatic interactions,
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Fig. 1.7 TEM images of (a) AuNRs and (b) Au@SiO,. (¢) Schematic illustration of Au@SiO,-
DOX as a novel multifunctional theranostic platform to treat cancers. (d) DOX release profiles
from Au@SiO,-DOX at different pHs, with and without a 790 nm laser irradiation. (e) After 24 h
uptake of Au@SiO, and Au@SiO,-DOX, differences in viability of human lung cancer A549 cells
irradiated by the laser for 3, 4, and 8 min, determined by CCK-8 assay. (f) Effects of NIR laser
irradiation on the lysosomal membrane integrity determined by acridine orange (AO) staining.
Au@Si0,-DOX-treated cells are irradiated by a laser at 48 W/cm? for 0, 3, and 8 min. (g) Live-
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sion from ref. [95]. Copyright 2012, John Wiley & Sons, Inc.)
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Fig. 1.8 Common surface functionalization strategies for Au nanostructures for use in biomedical
applications (Reprinted with permission from ref. [33]. Copyright 2014, Springer-Verlag Berlin
Heidelberg)

hydrophobic entrapment, and van der Waals force interactions, while covalent
modifications utilize direct chemical attachment, linker molecules, or click
chemistry (Fig. 1.8).

1.4.1 Noncovalent Functionalization

Noncovalent functionalization of Au nanostructures generally needs the assembly
with a variety of superstructures and the inclusion of new functionalities, which can
be realized by electrostatic attraction, antibody-antigen interaction, or DNA
sequence recognition. Electrostatic interactions are common strategy to functional-
ize Au nanostructures to biomolecules, such as DNA, peptides, and antibodies. The
interaction depends on the attraction between oppositely charged nanostructure and
the biomolecule of interest. Since the biomolecule is not exposed to harsh chemical
modifications, this functionalization could keep its native, active conformation. For
instance, MclIntosh et al. utilized electrostatic interaction to functionalize cationic
Au clusters with DNA using the negatively charged phosphate backbone of DNA
[101]. The stability of the DNA-functionalized Au clusters was verified by UV-Vis
spectroscopy and dynamic light scattering (DLS). Huang et al. have also used this
interaction to functionalize AuNPs and AuNRs with anti-EGFR antibodies to selec-
tively target and photothermally ablate cancer cells [44, 86]. One widely used strat-
egy for the surface modification of AuNRs is layer-by-layer electrostatic absorption,
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which involves the sequential deposition of negatively and positively charged
polyelectrolytes to the positively charged surface of AuNRs [102]. Negatively
charged polyacrylic acid (PAA) and polystyrene sulfonate (PSS) are often used as a
mild detergent and absorbent to remove CTAB, and then positively charged
polyelectrolytes such as poly(diallyldimethyl-ammonium chloride) (PDDAC) or
poly (allylamine hydrochloride) (PAH) will be absorbed on the surface of PAA/
PSS-coated AuNRs. The deposition cycle can be repeated, and multilayered poly-
electrolytes can be formed. Biological polyelectrolytes and proteins can also be
deposited among the appropriate layer through electrostatic adsorption [103-105].

Hydrophobic entrapment is generally used for the loading of hydrophobic mol-
ecules. Kim et al. utilized the noncovalent interactions to load hydrophobic thera-
peutics tamoxifen and p-lapachone to AuNPs [106]. The AuNPs were functionalized
with water-soluble zwitterionic ligands to form kinetically stable complexes with
hydrophobic drugs and dyes. The complex mimicked micelle structures and facili-
tated the encapsulation of hydrophobic drugs in the hydrophobic pockets. Another
noncovalent surface modification for AuNRs is to coat AuNRs with a mesoporous
silica layer [107]. Mesoporous silica nanoparticles are ideal drug carriers with high
surface area and large pore volume [108], which endow AuNRs excellent drug
delivery system. Our group has developed Au@SiO, as a light-mediated multifunc-
tional theranostic platform for cancer treatment [95, 109].

1.4.2 Covalent Functionalization

Covalent functionalization generally provides greater stability and reproducibility
of the attached molecules compared to noncovalent functionalization. Au-thiol (Au-
S) bonding chemistry is commonly utilized for the covalent surface modification of
Au nanostructures. Thiolated biopolymers such as PEG have been extensively
employed for the functionalization of Au nanostructures. Thiol-terminated PEG
endows Au nanostructures high stabilities and improves their biocompatibilities.
Additionally, PEG functionalization can avoid nonspecific binding of serum pro-
teins when introduced into in vivo systems [110, 111].

Au-S bond formation has been used to attach oligonucleotides to the surfaces of
Au nanostructures. Alivisatos and Mirkin have independently reported oligonucle-
otide functionalized AuNPs in 1996 [112, 113]. Then various biomedical applica-
tions have been explored by using this kind of functionalization, such as hepatitis C
virus detection, intracellular gene regulation, and mercuric ion detection [114—116].
Tumor-targeting peptide RGD has also been conjugated to AuNPs and AuNRs sur-
faces through the Au-S bond [117, 118]. To promote nuclear localization, nuclear
localizing sequence (NLS) peptide has also been conjugated to AuNPs and AuNRs
via cysteine residues located within the peptides [45, 47]. Black et al. conjugated
deltorphin, a high-affinity ligand for delta opioid receptor (deltaOR) to AuNRs
through a thiolated PEG for specific targeting of cancer cells [119]. Some other
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thiolated species have also been used for the surface functionalization of Au
nanostructures, such as thiolated DNA for gene therapy. For instance, Yamashita et al.
reported a controlled-release system of single-stranded DNA (ssDNA) triggered by
the photothermal effect of AuNRs by modifying AuNRs with double-stranded DNA
(dsDNA). When the dsDNA-modified AuNRs were irradiated by NIR light, the
ssDNA could be released from AuNRs due to the photothermal effect [120].

Bifunctionalized linkers are generally used to covalently attach therapeutic drugs
and biomolecules to nanostructures to reduce the possibility of structural changes,
since it has been demonstrated that proteins that directly interact with the nanopar-
ticle surface may undergo conformational changes and alter their biological activity
[121]. By using a pH-sensitive hydrazone linker, Prabaharan et al. covalently
attached DOX to the hydrophobic inner layer of the folic acid-conjugated amphiphi-
lic AuNPs. The targeted DOX-conjugated AuNPs showed selective uptake and
DOX release to breast cancer cells [122]. Qian et al. conjugated tumor-targeting
antibodies, single-chain variable fragment (ScFv) antibodies, to AuNPs using het-
erobifunctional PEG linkers and EDC/NHS coupling [123]. Click chemistry has
been utilized for Au nanostructures functionalization and related applications.
By using click chemistry, Fischler et al. coupled azide-functionalized AuNPs to an
alkyne-modified DNA duplex, to obtain a chain-like assembly of AuNPs on the
DNA template [124]. Click chemistry-based assay has also been explored for
quantitative detection of proteins. This assay has a broader linear range and good
selectivity compared to conventional methods, which enables the analysis of total
proteins in various sera and milk samples [125].

1.5 Au Nanoshells (AuNSs)

During the past decade, Au nanostructures have been extensively investigated for
diagnostic agents and therapeutic actuators. Recently, researchers have begun to
combine these two functionalities into a single nanoparticle to generate “theranos-
tic” nanoplatform and realize simultaneous cancer diagnostics and therapy. Due to
their unique optical properties and geometric structures, Au nanostructures can be
used simultaneously as imaging probes, photothermal mediator, and drug delivery
vehicles. Au nanostructure-based theranostic platforms have been extensively
developed either by combining a single imaging modality and therapeutic modality
or by integrating multimodality diagnostics with therapeutic functionalities.

As early as in a decade ago, the theranostic potential of AuNSs has been demon-
strated with simultaneous dark-field imaging and photothermal therapy by Loo
et al. [126, 127]. They first demonstrated the possibility of engineering AuNSs for
combined imaging and therapy for cancer cells. Immunotargeted AuNSs nanoplat-
form for both detecting and thermally ablating human breast cancer cells that over-
express human epidermal growth factor receptor 2 (HER2) was designed. These
theranostic AuNSs could provide scattering contrast for dark-field imaging and also
sufficient absorption to enable effective photothermal therapy [127]. Dramatic contrast
enhancement for optical coherence tomography (OCT) and effective photothermal



1 Near-Infrared Light-Mediated Gold Nanoplatforms for Cancer Theranostics 21

ablation of tumors in vivo have been reported by Gobin et al. [128]. PEG-modified
AuNSs were injected intravenously in tumor-bearing mice, and significant accumu-
lation of particles within the tumor tissue dramatically increased the NIR scattering
and the OCT contrast. Meanwhile, photothermal ablation of the tumor significantly
reduced the tumor size and prolonged the mice surviving rate. Lu et al. used PEG
and o, f; integrin-targeted cyclic RGD peptide (c(KRGDf)-PEG)-modified hollow
Au nanospheres (HAuNS) to track endothelial cells and glioma tumors in the mouse
brains. With high target ability to tumor, the photothermal therapy is efficient to
ablate the tumors and inhibit their growth (Fig. 1.9) [129].

Halas and Joshi synthesized theranostic immunotargeted AuNSs by encapsulat-
ing them in a thin silica epilayer doped with Fe;O, nanocrystals and ICG molecules
to target HER?2 receptors in cancer cells [130, 131]. In this approach, the quantum
yield of ICG increased from a mere ~1 % to nearly ~85 %, and the porous silica
layer enabled rapid water diffusion, which enhanced the MRI relaxivity of the Fe;0,
nanocrystals. In the in vivo mouse model with breast cancer xenografts, the MRI
and fluorescence imaging revealed that the maximum AuNSs accumulation in
tumors occurs within 4 h of injection [132]. This theranostic nanoplatform enabled
simultaneous active targeting of HER2 expressing cancer cells, diagnosis via dual
modal MRI and near-infrared fluorescence, and photothermal therapy. AuNSs with
hollow interior have been developed to facilitate drug delivery for dual modal can-
cer thermo-chemotherapy. AuNSs consist of a mesoporous silica nanorattle core
and a thin outer Au shell (SN@AuNSs) fabricated by Liu et al. [133]. Anticancer
drug docetaxel was loaded in SN@AuNSs, and a synergistic effect of chemotherapy
and photothermal therapy both in vitro and in vivo was observed [133, 134].
Additionally, FITC labeling of the SN@AuNSs enabled the fluorescent imaging for
their intracellular localization. Lee et al. developed DOX-loaded poly(ethylene
glycol)-poly(lactic-co-glycolic acid)-Au half-shell nanoparticles (DOX-loaded
PEG-PLGA-Au H-S NPs) to facilitate combined NIR fluorescent imaging and
thermo-chemotherapy treatment in vivo [135]. Both intravenously and intratumor-
ally injected NPs could be accumulated in the tumor region in A431 tumor-bearing
mice, which was revealed by time-lapse in vivo fluorescence imaging. DOX could
be rapidly released in the tumor region upon NIR light irradiation, and the combined
thermo-chemotherapy resulted in complete destruction of the tumors without weight
loss or recurrence of tumors.

Other imaging modalities including PET and ultrasound imaging have also been
integrated with photothermal therapy in AuNSs. Xie et al. demonstrated that integ-
rin o, P; targeting using cyclo-(RGDfK) peptide-conjugated AuNSs improved the
nanoshells’ accumulation in tumors. Meanwhile, increased degree of tumor necrosis
indicated biological effectiveness of targeted AuNSs in the photothermal therapy
application [136]. Core-shell nanoparticles composed of a superparamagnetic iron
oxide (SPIO) core and an Au shell (SPIO@AuNS) were fabricated by Melancon
et al. to investigate their multifunctional imaging and therapeutic capabilities [137].
In vivo, significant temperature elevations were revealed by both MRI and magnetic
resonance temperature imaging when intratumorally injected with SPIO@ AuNSs
and irradiated with NIR light. SPIO@ AuNS-mediated simultaneous MRI and pho-
tothermal therapy demonstrated the potential use of SPIO@AuNS for real-time
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Fig. 1.9 (a) Scheme for ¢(KRGDf)-PEG-modified hollow AuNS (HAuNS). (b) TEM image and
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imaging and cancer photothermal ablation. Ke et al. developed AuNSs microcapsule-
based ultrasound contrast agents as a multifunctional theranostic agent for imaging-
guided photothermal therapy. HeLa cells incubated with AuNSs microcapsules
in vitro could be killed photothermally by exposure to NIR light, and the microcap-
sules maintained adequate acoustic properties that are required to act as an ultra-
sound contrast agent. The dual-functional theranostic composite holds great
potential for ultrasound-guided photothermal cancer therapy [138]. Recently, Ma
et al. constructed a multifunctional drug delivery platform based on cholesteryl suc-
cinyl silane (CSS) nanomicelles loaded with DOX, Fe;O, magnetic nanoparticles
and AuNSs (CDF-AuNSs nanomicelles) to combine MRI, magnetic-targeted drug
delivery, light-triggered drug release, and photothermal therapy [139]. An enhance-
ment for T2-weighted MRI is observed for the CDF-AuNSs nanomicelles. These
nanomicelles exhibited LSPR absorbance in the NIR region, and a NIR light-
triggered DOX release was realized. A synergistic effect of the photothermal ther-
apy and the magnetic-field-guided drug delivery was observed in the presence of
both NIR irradiation and magnetic field.

AuNSs provide great advantages for targeted cancer photothermal therapy for
the light excitation-guided local heating. However, these nanoshells typically syn-
thesized between 80 and 150 nm in diameter may be restricted for medical applica-
tion for the quick clearance by the reticulum endothelial system (RES) and a limited
diffusion within tissue. Therefore, it’s necessary to overcome the challenge in the
size of AuNSs and facilitate their biomedical applications [140].

1.6 Au Nanorods (AuNRs)

AuNRs are another kind of Au nanostructures which have been extensively investi-
gated for cancer theranostics in the past few years. Due to their anisotropic shapes,
AuNRs exhibit two LSPR absorbance peaks: the transverse mode at ~515 nm and
the longitudinal mode whose position depends on the aspect ratio of the rod and can
be finely tuned from visible to NIR region. AuNRs have been proved to be promis-
ing in a wide range of biomedical applications such as imaging, hyperthermia ther-
apy, and drug delivery due to their unique LSPR and photothermal effects. Recently,
AuNRs have been explored to combine imaging diagnosis and therapeutic treat-
ment to function as NIR light-triggered theranostic platform.

<
<

Fig. 1.9 (continued) (e) and quantitative analysis (f) of nude mice bearing the luciferase gene-
transfected U87-TGL human glioma tumors on day 8 after tumor inoculation. (g) Targeted deliv-
ery of ®Cu-labeled ¢ (KRGDf)-PEG-HAuNS to U87 cells in mouse brain. The left shows the
photographs of mouse brains stained with hematoxylin and eosin (H&E) and o,f;; the middle
shows the location of HAuNS according to autoradiographs of mouse brains; the right shows
immunofluorescence micrographs of tumor tissue at high magnification. The red color indicates
the integrin a,f;; the green indicates scattering signal of HAuNS under dark field; the blue indi-
cates 40,6-diamidino-2-phenylindole (DAPI)-stained cell nuclei; the arrows indicate tumors with
the bar of 10 pm (Reprinted with permission from ref. [129]. Copyright 2011, American Association
for Cancer Research)
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AuNRs were first reported as reagents for simultaneous molecular imaging and
photothermal cancer therapy by El-Sayed et al. in 2006 [44]. They conjugated
AuNRs with anti-EGFR antibodies and applied them to target and treat malignant
oral epithelial cell lines. Using dark-field imaging and photothermal therapy, the
malignant cells could be diagnosed and destroyed simultaneously. Due to the selec-
tive targeting, malignant cells required only half the laser energy to be photother-
mally destroyed than the nonmalignant cells. Later, imaging-guided hyperthermia
therapy became the most investigated combination theranostic strategy. Many
researchers reported the AuNRs-mediated cancer imaging and photothermal ther-
apy, and targeting molecules are often conjugated to AuNRs for active targeting.
For instance, Huff et al. found that both CTAB-AuNRs- and folate-AuNRs-mediated
heating could produce severe blebbing in cell membranes and render them perme-
able to chemical regents. The former was found to be internalized into KB cells
within hours, while the latter was accumulated on the cell surface over the same
time interval [141]. Black et al. conjugated AuNRs with deltorphin, a high-affinity
ligand for delta opioid receptor (SOR) which expressed on human colon carcinoma
HCT-116 cell line. Selective imaging and photothermal ablation were observed in
receptor-expressing cells while not in cells that did not express the receptor in a
mixed population of cells [119]. By conjugation AuNRs with a NIR fluorescent dye
through a peptide linker, which could be degraded by matrix metalloprotease
(MMP), Yi et al. demonstrated the quenching effect of AuNRs and the recovery of
quenched fluorescence when the substrate was degraded by MMP enzymes secreted
by cancer cells [142]. The expression of MMP and cancer progress imaged by the
recovery of quenched fluorescence and photothermal cancer therapy were realized
simultaneously. Choi et al. attached epithelial cancer cells targeting molecules
cetuximab (CET) to PEG-AuNRs (CET-AuNRs) and assessed their targeting, imag-
ing, and photothermal therapy behavior [143]. In vivo NIR absorption imaging
revealed that CET-AuNRs accumulated in the tumor region after intravenously
injection, while CET-free AuNRs did not. Histological analysis of excised tumor
tissue showed that CET-AuNRs-treated tumors exhibited severe cellular damage
compared to the nontreated control after NIR laser irradiation.

Recently, imaging-guided dual modal cancer treatment has been developed to
improve the therapy efficacy. For instance, Kuo et al. designed a fluorescent AuNRs
conjugate to simultaneously serve as photodynamic therapy (PDT) and hyperther-
mia agents [144]. The conjugate was prepared by coating AuNRs with poly (styrene-
alt-maleic acid) (PSMA) and ICG, a hydrophilic and anionic photosensitizer in
sequence via electrostatic interaction. This theranostic nanoplatform combining
fluorescence imaging of ICG, PDT, and hyperthermia could more efficiently extin-
guish cancer cells than PDT or hyperthermia treatment alone. Jang et al. constructed
an AuNR-photosensitizer complex for noninvasive NIR fluorescence imaging and
combined PDT and photothermal cancer therapy [145]. Fluorescence emission and
singlet oxygen generation by photosensitizer AIPcS4 were quenched after conjuga-
tion with AuNRs. Increased cellular uptake and in vitro phototoxicity were observed
in AuNR-AIPcS4-treated cells than in free AlPcS4-treated cells. In vivo, efficient
NIR fluorescence imaging of tumor sites and improved therapeutic efficacy were
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obtained by PDT and photothermal dual therapy. Huang et al. developed folic acid-
conjugated silica-modified AuNRs for simultaneously targeting, X-ray/CT imag-
ing, radiotherapy, and photothermal therapy [73]. The multifunctional theranostic
nanoplatform exhibited excellent imaging and targeting ability for X-ray/CT
imaging-guided dual-mode enhanced radio- and photothermal therapy. Recently,
Zhang et al. have designed a triple-modal functional AuNRs for in vivo fluores-
cence imaging, SERS detection, and photodynamic therapy [146]. SERS and fluo-
rescence agents are chemically doped in different layers of a silica-/polymer-coated
AuNR, thereby forming two individual imaging “channels.” These nanoparticles
could accumulate inside the tumors by intravenously injection, thus allowing detec-
tion of the tumor by SERS and fluorescence measurements. Through the same dop-
ing method, a PDT photosensitizer, protoporphyrin IX (PpIX), was loaded into the
multilayered shell, and PDT treatment could be conducted right after the detection
of the tumor.

By using various surface modification or functionalization methods, AuNRs
have been developed as NIR light-responsive drug delivery system. Combining
photothermal therapy and drug delivery of AuNRs, thermo-chemotherapy was real-
ized for dual treatment of cancer [147, 148]. Our group has designed mesoporous
silica-coated AuNRs (Au@SiQ0,) loaded with DOX for cancer theranostics [95].
Based on the simultaneous imaging, photothermal therapy, and drug delivery prop-
erty of Au@SiQO,, we further developed a thermoresponsive nanocomposite by coat-
ing Au@SiO, with a thermo- and pH-responsive polymer shell,
poly(N-isopropylacrylamide-co-acrylic acid), and explored them in vivo applica-
tions [109] (Fig. 1.10). The thermoresponsive polymer shell prolonged the blood
circulation time of AuNRs, and both local water bath heating and NIR laser irradia-
tion at the tumor site following intravenous administration could increase the nano-
composite accumulation in tumor. The nanocomposite served as targeted cancer
thermo-chemotherapy platform which simultaneously delivers heat and anticancer
drugs in a NIR laser-activation mechanism. There are also other reports on the
application of AuNRs for NIR light-triggered thermo-chemotherapy and imaging.
Guo et al. fabricated a chitosan/AuNR (CS-AuNR) hybrid nanosphere for the deliv-
ery of the anticancer drug cisplatin [149]. This hybrid nanosphere could serve as
multifunctional theranostic platform for simultaneous dark-field imaging and NIR
light-mediated thermo-chemotherapy. Xiao et al. conjugated AuNRs with DOX,
cRGD, and *Cu-chelator for combined anticancer drug delivery, targeting, and PET
imaging [118]. cRGD-conjugated nanocarriers exhibited improved cellular uptake
and cytotoxicity compared to nontargeted ones in vitro.

1.7 Hollow Au Nanospheres (HAuNSs)

HAuNSs are novel Au nanostructures consisting of only a thin Au shell with a hol-
low interior. Different from solid Au nanoparticles, HAuNSs have LSPR absorption
in the NIR region and display strong photothermal conducting properties.
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Fig. 1.10 (a) Nanocomposite formulation process and NIR laser-induced targeted thermo-
chemotherapy using the nanocomposite. (b) TEM images of the nanocomposite and Au@SiO,
(inset). (¢) DOX release profiles from Nanocom-Dox with or without NIR laser irradiation at dif-
ferent pHs. (d) The biodistribution of the nanocomposite at 30 min and 24 h after systemic admin-
istration and NIR laser irradiation at the tumor based on ICP-MS analysis (data expressed as
percentage of the injected dose per gram of tissue (% ID/g). ¥*P<0.05 or **P<0.01, significant
difference between irradiated and unirradiated groups. (e) The antitumor activity including PBS,
DOX, Nanocom, and Nanocom-DOX groups (with or without laser irradiation) through tail vein
by measuring the tumor volume. (f) Tumor dissection photographs through systematic administra-
tion (Reprinted with permission from ref. [109]. Copyright 2014, American Chemical Society)

Additionally, HAuNSs can act as drug delivery system due to their hollow interior.
Combined with the strong and tunable absorption band in the NIR region, HAuNSs
are ideal theranostic platform for simultaneous cancer imaging and thermo-
chemotherapy. Additionally, the size of HAuNSs (30-50 nm in diameter) is much
smaller than AuNSs (>120 nm) and therefore exhibits increased extravasation from
tumor blood vessels and higher intracellular uptake by mammalian cells.

To achieve targeted delivery, Melancon et al. covalently conjugated HAuNSs
with C225, a monoclonal antibody to EGFR (C225-HAuNSs). By using scattered
imaging from the nanoshells, EGFR-mediated selective uptake of C225-HAuNSs
but not IgG-HAuNS control in EGFR-positive A431 tumor cells was observed.
Irradiation of A431 cells treated with C225-HAuNSs with NIR laser resulted in
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selective destruction of these cells. The cells treated with C225-HAuNS alone, laser
alone, or IgG-HAuNS plus NIR laser were not affected on cell viability [150].
Lu et al. conjugated HAuNSs with a-melanocyte-stimulating hormone (MSH) ana-
log, [Nle*, D-Phe’Ja-MSH (NDP-MSH), to develop melanoma-targeted HAuNSs,
NDP-MSH-PEG-HAuNSs [151]. Enhanced extravasation and distribution of NDP-
MSH-PEG-HAuNSs into tumor matrix were observed compared to nontargeting
HAuNS. Furthermore, selective photothermal ablation of B16/F10 melanoma with
NDP-MSH-PEG-HAuNSs was confirmed by histological and ['*F] fluorodeoxyglu-
cose positron emission tomography evaluation at 24 h post NIR laser irradiation.
The same group also reported gene delivery by targeted HAuNSs-mediated photo-
thermal transfection [152]. NF-kB downregulation was achieved by NIR light and
folate receptor-targeted HAuNSs carrying siRNA, recognizing NF-kB p65 subunit.
Using micro-PET/CT imaging, the targeted HAuNSs exhibited higher tumor uptake
in nude mice bearing HeLa cervical cancer xenografts than nontargeted nanoparti-
cles. Downregulation of NF-kB p65 was observed only in tumors irradiated with
NIR light but not in nonirradiated tumors grown in the same mice, which indicated
the gene silence was mediated by controllable cytoplasmic delivery of siRNA
through photothermal effect. Combined treatments with p65 siRNA photothermal
transfection and chemotherapeutic agent irinotecan caused substantially enhanced
tumor apoptosis and growth delay compared to other treatment regimens, which
indicated photothermal transfection of NF-kB p65 siRNA could enhance sensitivity
to chemotherapeutic agents. Lu et al. also reported theranostic HAuNSs with multi-
functions including tumor targeting, PAT imaging, and photothermal therapy [129].
By targeting brain tumor receptors via RGD peptides, the theranostic HAuNSs
exhibited highly specific tumor diagnosis. Combined with the photothermal ther-
apy, a decrease in tumor volume for up to 3-week post NIR laser treatment was
observed in an orthotopic mouse xenograft model of glioma by targeting brain
tumor receptors.

Li’s group also did a series of excellent works on HAuNSs-mediated cancer
theranostics [153—156]. They reported exceptionally high payload of DOX in
HAuNSs for NIR light-triggered drug release, photothermal therapy, as well as
dark-field imaging in vitro. As high as 63 % DOX by weight could be loaded to
PEG-coated HAuNS since DOX was coated to both the outer and the inner surfaces
of HAuNSs. Combined thermo-chemotherapy exhibited significantly greater cell
killing when MDA-MB-231 cells were treated with DOX-loaded HAuNSs plus
NIR light [154]. In another work, the thermo-chemotherapy efficacy of DOX-loaded
PEG-coated HAuNSs with DOX:PEG:HAuNS weight ratio of 1:3:1 (NP3) was
studied in vitro and in vivo using human MDA-MB-231 breast cancer and A2780
ovarian cancer cells [156]. In vitro, significantly greater cell killing was observed
when cells were treated with both NP3 and NIR light irradiation, which is attribut-
able to the combined photothermal therapy and the released DOX. In vivo, NP3
exhibited slower clearance in blood and greater accumulation in tumors than free
DOX, which was demonstrated by pPET images of mice bearing A2780 tumors
afterintravenous injection of Cu-labeled NP3. NP3-mediated thermo-chemotherapy
demonstrated greater antitumor activity than free DOX, NP3, or liposomal DOX,
which represents a promising approach to effective anticancer therapy. DOX-loaded
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HAuNSs can be further conjugated with a cyclic peptide targeting EphB4, a mem-
ber of the Eph family of receptor tyrosine kinases that are overexpressed on the cell
membrane of multiple tumors and angiogenic blood vessels.

Li et al. also observed an increased uptake of targeted nanoparticles (T-DOX@
HAuNSs) in three EphB4-positive tumors both in vitro and in vivo [155]. By dual-
radiotracer technique, in vivo release of DOX from DOX@HAuNS triggered by
NIR laser was confirmed. Enhanced antitumor effect was obtained when mice were
treated with T-DOX@HAuNSs plus NIR laser irradiation compared to nontargeted
DOX@HAuNSs plus laser or HAuNSs plus laser. These results demonstrated
that NIR light-guided thermo-chemotherapy with a single nanoplatform is capable
of mediating simultaneous imaging, photothermal therapy, and local drug release
which has great promise as a new cancer theranostic regime.

The authors also investigated the impact of nanoparticle-mediated localized
hyperthermia on vascular permeability to enhance the efficacy of chemotherapy. By
conjugating an anti-EGFR monoclonal antibody C225 to HAuNSs (C225-HAuNSs),
they studied the vascular permeability and subsequent uptake of a water-soluble
polymer using a combined approach with magnetic resonance temperature imaging
(MRTY), ultrasound, and optical imaging [157]. MTRI showed a maximum tem-
perature of 65.2+0.10 °C and 47.0+0.33 °C in A431 tumor xenograft of mice
treated with C225-HAuNSs plus laser and saline plus laser, respectively. Dynamic
contrast-enhanced magnetic resonance imaging (DCE MRI) demonstrated greater
than twofold increase of DTPA-Gd in the initial area in mice injected with C225-
HAuNS and exposed to NIR laser compared with control mice. Increased vascular
perfusion was confirmed by Power Doppler ultrasound, which revealed a four- to
sixfold increase in percentage vascularization in mice treated with C225-HAuNSs
plus NIR laser compared to control mice. Based on NIR fluorescence imaging,
intratumor accumulation of a model polymeric drug PG-Gd-NIR813 5 min post-
laser therapy was significantly higher than those at 24 h-post laser therapy and the
saline-treated ones. These results suggested photothermal effect of C255-HAuNSs
in tumor site could increase the vascular perfusion and therefore enhance the perme-
ability of chemotherapeutic agents to the tumors.

1.8 Au Nanocages (AuNCs)

AuNCs represent a novel class of Au nanostructures firstly synthesized by Xia’s
group in 2002 [158]. The LSPR peak position of the AuNCs is tunable from the
visible to the NIR region, which makes them attractive for colorimetric sensing and
biomedical applications. The extraordinarily large scattering and absorption cross
sections of AuNCs endow them superb optical tracers or contrast agents for various
imaging modalities such as dark-field microscopy, optical coherence tomography,
photoacoustic tomography, and multiphoton luminescence imaging. Additionally,
the hollow interiors of AuNCs can be used for drug encapsulation, and the porous
walls can facilitate the drug release controlled by various stimuli such as hyperther-
mia. During the past decades, researchers have extensively explored the
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applications of AuNCs in a variety of biomedical applications ranging from sensing
to imaging, diagnosis, and cancer theranostics.

AuNCs have been conjugated with various ligands for selective tumor targeting
and imaging. Xia et al. have quantitatively investigated the passive targeting of
PEG-functionalized AuNCs in a tumor mouse model [159]. The amount of AuNCs
distributed in tumor reached 3.4+0.9 %ID/g at 24 h postinjection, while the distri-
butions of AuNCs in normal tissues were low. The same group also compared the
passive and active targeting efficiencies of AuNCs for melanomas based on in vivo
photoacoustic imaging [66]. AuNCs were conjugated with [Nle*,D-Phe’]
a-melanocyte-stimulating hormone (NDP-MSH), a peptide which selectively binds
to the a-MSH receptors overexpressed on melanoma. The photoacoustic signal in
the melanoma was much stronger for the NDP-MSH-conjugated AuNCs than that
of nontargeted AuNCs, which demonstrated an enhanced uptake of AuNCs by the
tumor due to active targeting.

The initial study on the ability to destroy cancer cells in vitro by AuNCs-mediated
photothermal effect was also demonstrated by Xia’s group [160, 161]. They also
studied the efficacy of photothermal cancer treatment in a tumor mouse model
in vivo [162]. PEGylated AuNCs were administrated intravenously to tumor-bearing
mice, and the tumor on the right flank of each mouse was irradiated with NIR laser.
The tumors treated with AuNCs were rapidly heated to temperatures over 55 °C,
while no change was observed for the control. ['®F] fluorodeoxyglucose (**F-FDG)
positron emission tomography was applied to evaluate the response to the photo-
thermal therapy. The normalized values suggest a decrease in metabolic activity by
70 % after AuNCs plus laser treatment compared to the untreated mice.

AuNCs have also been developed as drug delivery systems for cancer theranos-
tics by integrating optical imaging and thermo-chemotherapy. Yavuz et al. coated
the surface of AuNCs with a smart polymer, poly(N-isopropylacrylamide)
(pNIPAAm) and its derivatives, which can change conformation in response to tem-
perature variation at a point known as the low critical solution temperature (LCST)
[163]. Under NIR laser irradiation, the temperature will increase due to the photo-
thermal effect of AuNCs. The polymer chains collapse as the temperature increases
beyond the LCST, which expose the pores of the nanocages and allow thus the
preloaded drugs to be released. Moon et al. reported an AuNCs-based theranostic
system, combining photoacoustic imaging and controlled drug by high-intensity-
focused ultrasound (HIFU) [164]. The system was fabricated by filling the hollow
interiors of AuNCs with a phase-change material (PCM) such as 1-tetradecanol that
has a melting point of 38-39 °C. The PCM-loaded AuNCs simultaneously enhanced
photoacoustic imaging contrast and demonstrated highly effective drug release abil-
ity triggered by HIFU or heat. PCM can reversibly change its physical state between
solid and liquid according to the local temperature. When exposed to direct heating
or HIFU, the PCM will melt and escape from the interiors of AuNCs through small
pores on the surface, which allow the concurrent release of the encapsulated drugs.
Since HIFU is a deeply penetrating energy source, the drug release profile could be
controlled by adjusting the power of HIFU and/or the duration of exposure to
HIFU. Shi et al. demonstrated the application of AuNCs in thermo-chemotherapy
based on calcium phosphate-coated magnetic nanoparticles (Fe;O,@CaP)-capped
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AuNCs [165]. This nanoplatform integrated magnetic targeting, photothermal ther-
apy, and chemotherapy for killing cancer cells. The cell killing efficacy of DOX-
loaded AuNCs under NIR irradiation was higher than the sum of chemotherapy of
DOX-loaded AuNCs and AuNCs-induced photothermal therapy, which indicated
the combined cancer thermo-chemotherapy resulted in a synergistic effect.
Additionally, the magnetic component in the nanoplatform could potentially be
used as an MRI contrast agent and targeted drug delivery.

1.9 Au Nanostars

Au nanostars contain multiple sharp branches with plasmons tunable in the NIR
region, which have gained wide interest in biomedical areas including SERS spec-
troscopy, photoacoustic imaging, biosensing, photodynamic, and photothermal
therapy. The extinction spectra of individual Au nanostars revealed that these
nanoparticles have multiple plasmon resonances varying greatly due to shape poly-
dispersity. Therefore, Au nanostar exhibits broad absorption peaks due to overlap-
ping of many distinct spectra.

Yuan et al. functionalized Au nanostars with TAT-peptide, a cell-penetrating pep-
tide encoded by human immunodeficiency virus type 1 (HIV-1), in order to increase
the intracellular delivery of Au nanostars [166]. TAT-peptide-functionalized
nanostars were found to enter cells more frequently than bare or PEGylated
nanostars. The enhanced intracellular delivery in turn allows efficient photothermal
therapy with lower irradiance. After incubation of TAT-nanostars on BT549 breast
cancer cells, photothermal ablation was accomplished ultralow irradiance (0.2 W/
cm?), which is the lowest value ever reported for pulsed laser-induced photothermal
therapy and below the maximal permissible exposure of skin. Both TPL and TEM
imaging confirmed that the uptake mechanism of TAT-nanostars primarily relies
on actin-driven lipid raft-mediated macropinocytosis. The same group also demon-
strated the use of Au nanostars for particle tracking via TPL imaging and simultane-
ous Au photothermal therapy [167]. They demonstrated photothermal ablation of
SKBR3 breast cancer cells incubated with bare nanostars within 5 min of irradiation
in vitro. In vivo, PEGylated nanostars were injected intravenously into a mouse for
2 days, then extravasation of nanostars was observed, and localized photothermal
ablation was demonstrated on a dorsal window chamber. Au nanostars interact
intensely with incident light enabling highly sensitive in vivo tracking in the vascu-
lature. Combined hyperthermia and photodynamic therapy (PDT) and upon single
continuous wave (CW) laser using photosensitizer-functionalized Au nanostars
were reported (Fig. 1.11) [168]. Chlorine 6 (Ce6), a commonly used photosensitizer,

»

Fig. 1.11 (continued) at 4 h postinjection of PBS, Ce6, GNS-PEG, and GNS-PEG-Ce6. (f) Tumor
volume after laser irradiation treatment over time. (g) The ultrasound (upper row) and photoacous-
tic (lower row) imaging of tumor-bearing mice after laser irradiation with the same procedure as
above. The circles indicate the region of interest in the tumors, and the blue shows the hypoxia
state in the tumors. Scale bars: 1 mm (Reprinted with permission from ref. [168]. Copyright 2013,
John Wiley & Sons, Inc.)
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Fig. 1.11 (a) TEM images of Au nanostars (GNSs). (b) UV-vis-NIR spectra of GNSs. (¢) The
generation of free radicals under irradiation determined by the SOSG fluorescence intensity. (d, e)
Temperature curves of different GNSs (d) and GNS-treated tumors (e) irradiated by laser over
time. The MDA-MB-435 tumor-bearing mice are exposed to 671 nm laser (1.0 W/cm?) for 6 min
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was covalently anchored on the surface of Au nanostars. To induce both hyperthermia
and PDT effect by a single NIR CW laser, they adapted the LSPR of Au nanostars
to fit that of Ce6. This strategy significantly improved the anticancer effect and sim-
plified the treatment process. These results suggested Au nanostars as promising
theranostic agents for cancer therapy.

1.10 Other Au Nanostructures

Other Au nanostructures including nanoroses, nanobubbles, and nanoparticles have
also been investigated for their application in cancer theranostics. Lapotko et al. first
reported laser-activated micro- and nanobubbles that were produced around plas-
monic nanoparticles in cells [169]. These intracellular bubbles were found to be the
universal phenomena that can be used for sensitive and noninvasive monitoring of
individual cell. Systematic researches have been done to investigate the properties
and biomedical applications of Au nanobubbles such as thermolysis of cancer cells,
cell imaging, gene, and drug delivery [170—174]. Wagner et al. developed plas-
monic nanobubbles (PNBs) as an in vivo tunable theranostic cellular agent in
zebrafish hosting prostate cancer xenografts [170]. Plasmonic nanobubbles were
selectively generated around Au nanoparticles in cancer cells in the zebrafish with
short single-laser pulses. Two different-sized PNBs were produced by varying the
energy of the laser pulse: an initial small PNB for detecting cancer cells by optical
scattering, followed by a second bigger PNB for mechanically ablating cells. These
results demonstrated that PNBs could be applied for the diagnosis and guided abla-
tion of individual cancer cells in a living organism without damage to the host.
Recently, Hu et al. has reported a novel theranostic system based on Au cubic
nano-aggregates as potential photoacoustic contrast and photothermal therapy
[175]. The cubic Au nano-aggregates structure with edge-length of 80 nm (Au-80
CNAs) was synthesized with a simple and cost-effective method and exhibited
strong NIR absorption, excellent water-solubility, and good photothermal stability.
The temperature of the solution containing Au-80 CNAs (100 pg/mL) increased by
about 38 °C under 808 nm laser irradiation for 5 min. Both in vitro and in vivo stud-
ies demonstrated that Au-80 CNAs were potent photothermal therapeutic agents
and photoacoustic imaging contrast agents. Ma et al. reported a nanocluster of
Au-coated iron oxide primary particles (nanoroses) for targeted cellular imaging
and therapy [176]. The stable uniformly sized (ca. 30 nm) nanoclusters were NIR
active, superparamagnetic formed by kinetically controlled self-assembly of
Au-coated iron oxide nanoparticles. The nanoroses exhibited an order of magnitude
larger than observed for typical iron oxide particles with thicker Au shells, because
of the thin Au shells with an average thickness of only 2 nm. High uptake of the
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nanoclusters by macrophages is facilitated by the small size of the nanoclusters and
the dextran surface coating, which further provided intense NIR contrast in
dark-field and hyperspectral microscopy, both in vitro and in vivo.

Solid Au nanoparticles (AuNPs) have been demonstrated as a novel CT contrast
agent in blood pool imaging (angiography) and for diagnosis of hepatoma in vivo.
Kim et al. reported multifunctional AuNPs for targeted molecular CT imaging and
therapy of prostate cancer [177]. By functionalizing the surface of AuNPs with a
prostate-specific membrane antigen (PSMA) RNA aptamer that binds to PSMA,
they established a targeted CT imaging system for specifically imaging of prostate
cancer cells that overexpressed the PSMA protein. Besides, the PSMA-specific
aptamer formed a GC-rich duplex that acts as a loading site for the chemotherapeu-
tic agent DOX, which enables combined prostate cancer imaging by CT and anti-
cancer therapy. PSMA aptamer-conjugated AuNPs exhibited more than fourfold
greater CT intensity for targeted LNCaP cells than that of nontargeted cells.
Furthermore, DOX-loaded aptamer-conjugated AuNPs were more potent to kill
targeted cancer cells than nontargeted cells, suggesting target-specific drug
delivery [178].

A novel kind of nanoparticles has been explored by replacing the silica cores in
traditional nanoshells with an Au-sulfide core structure. Zhou et al. first synthesized
Au-Au sulfide nanoparticles (GGS NPs) that exhibited strong NIR-absorbing prop-
erties [179]. GGS NPs with a LSPR between 800 and 900 nm for therapeutic and
imaging applications are generally synthesized in the range of 35-55 nm in diame-
ter, much smaller than Au silica nanoshells which range from 120 to 140 nm for the
same resonant wavelength [180]. Models have suggested that particles with diame-
ter <100 nm could improve tumor extravasation [181], and experimental data also
suggested that the greatest uptake of Au occurred in diameters between 30 and
50 nm [182]. Therefore, GGS NPs may prove advantageous in cancer therapeutic
and imaging. Day et al. developed NIR-resonant GGS NPs as dual contrast and
therapeutic agents for cancer theranostics [183]. After conjugation with anti-HER?2
antibodies, GGS NPs could specifically bind SK-BR-3 breast carcinoma cells that
overexpressed the HER?2 receptor. TPL imaging of the cancer cells was obtained
with irradiation by low energy pulsed-NIR laser (1 mW). Higher laser powers were
applied for photothermal ablation of the cancerous cells (50 mW), which resulted in
extensive membrane blebbing and cell death.

Gobin et al. investigated in vivo distribution of GGS NPs and found that these
NPs remained in circulation longer than Au/silica nanoshells greater than 24 h
[184]. Accumulation in the liver, spleen, and tumors showed that larger dose GGS
NPs could avoid RES clearance and accumulate in tumors. Photothermal ablation of
tumor cells with NIR irradiation of the GGS NPs resulted in increased survival of
mice. With further optimization of laser power and NPs functionalization, GGS NPs
may be an effective therapeutic agent to compliment the treatment of cancers.
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1.11 Strategy for Combatting Cancer Drug Resistance
and Inhibiting Cancer Stem Cells and Cancer
Metastasis

The photothermal treatment using Au nanostructures can efficiently improve the
therapy of cancer cells for drug resistance. Cancer cells develop drug resistance
under evolutionary pressure from chemotherapy. They become less sensitive to che-
motherapeutic drugs at a low dose compared to the sensitive cancer cells. It still
lacks effective and successful approach to overcome drug resistance in clinic.
Usually, the resistant cancer cells have little accumulation and low sensitivity of
drugs. Wang et al. reported a simple strategy to combat cancer drug resistance using
the photothermal properties of mesoporous silica-coated AuNRs. At a mild laser
power density, the nanoparticle-mediated hyperthermia doesn’t kill resistant cells,
but successfully modulate the genes associated to drug resistance. In particular, this
photothermal treatment triggers higher expression of heat shock factor (HSF-1) tri-
mers and depresses the expression of P-glycoprotein (Pgp) and mutant p53. As a
result, both drug accumulation in the resistant cells and their sensitivity to drugs can
be greatly enhanced using NIR laser irradiation [14] (Fig. 1.12). Moreover, laser
treatment of AuNRs can not only produce photothermal effects but also generate
free radicals such as singlet oxygen [185, 186]. Resistant cells retain a low redox
state, and the levels of reactive oxygen species are elevated due to laser irradiation
on AuNPs [187]. To combine photothermia, the generation of free radicals, and
chemotherapy, AuNR-based platform can successfully combat resistance due to the
synergetic roles under laser treatment.

The photothermal treatment using Au nanostructures can also inhibit cancer
stem cells (CSCs). These cells are found in a variety of cancers and resistant to
chemotherapy and X-ray radiation therapy. Eradication of CSC cell population
should provide a choice to cancer therapy. Our group reported that photothermal
treatment of AuNRs can eliminate CSCs in breast cancer cells (MCF-7). As shown
in Fig. 1.13, photothermal therapy significantly reduces the aldehyde dehydroge-
nase positive (ALDH™") cells subpopulation and the mammosphere formation ability
of treated cells. The treatment also decreases the expression of stem cell markers
and inhibits CSCs more significantly compared to non-CSCs because CSCs have a
greater cell uptake of AuNRs to generate stronger heat stimulus. Furthermore, sali-
nomycin (SA), a CSCs inhibitor, is loaded with polyelectrolyte-modified AuNRs to
combine chemotherapy and thermal therapy. Due to triggered drug release and
hyperthermia with laser irradiation, the synergistic effect can efficiently inhibit
CSCs [188].

Our group also reported that CTAB-capped AuNRs with serum protein coating
are capable of inhibiting tumor metastasis in vitro and in vivo. The major source of
cancer-related deaths is not from the primary tumor itself but from metastasis to



1 Near-Infrared Light-Mediated Gold Nanoplatforms for Cancer Theranostics 35
a b ¢ 2 150 ug mL"Au@Si0,
—— AuNPs g !
210 — AUNPS@SIO, _ 6.4Wem?
& |—AuhRs N O 451
2 — Au@sia, /\3 a 4.8 Wem?
§ AU@SI0,-00X ||" M £ e
= | l\\ 240 e 32Wem?
g - 3 S
= § s 24 Wem?
o E Se v ——— —
° = {/’
0.0 - N/
400 600 800 100 i_ 6 ? 12
Wavelenath (nm) f Time (min
12 30 g mL 'Au@SIO,, 24 h uptake g"wf_Cen:mi 10 M DOX|
10 ] 32Wem? 12minNR | B | mm Au@SIO (24 h uptake) .
7’ e 3001 ™= NIR
P = 1 Aw@SI0,(24 h uptake)+NIR
£08 = |
g 2 200,
EU.S P f .
3‘3-“ JE 100
02 s | _
00 [Org® 0051 5 1020 0 o I 5‘; | -
g Inctbation ime 123: h post N'R‘DOZ‘:‘;") . Time post irradiation
B
- & h post iradiation = Carl:tml Au@sloz - - + 0+ - -+ 4 l 1.2 [FcF7RoR. 26 ';ltlllgt:llk:r uplake
H eSO | NR(2min) - 4+ -+ + - & AieST30 8 T
=6 == NIR KK s e s e e s g === 19 .t ‘u@:,afn?f,?;
'E ?:h"ﬁ:'?; s PIKKD o g iy o s s g 3 — .—E—
2 fﬂu' cm’) Br = T .. ---- goé -
a4 32 B — e g z —t
3 o 0.6
: - 48 PES e e ——— 8
Z2] PPES e e s - 01
£ |J53 — —— e ——— .
POp e —— — e —— R i it i 3
’ _ ¥, @t i o
° GAPDH e e S e e e s b AR

HSF-1

TP-53

MDR-1

24 h post irradiation

Fig. 1.12 Mesoporous silica-coated AuNRs (Au@Si0,) as a platform to overcome chemothera-
peutic resistance with a laser irradiation. (a) TEM image of Au@SiO, nanocarrier. (b) Optical
absorption properties of AuNRs, Au@SiO,, and DOX-loaded Au@SiO,(Au@SiO,-DOX). (c¢)
Temperature curves of Au@SiO, under 780 nm fs-laser irradiation. (d) Dose-dependent cytotoxic-
ity of DOX to the DOX-resistant human breast cancer cell (MCF-7/ADR). (e) Photothermal effects
of Au@SiO, on cellular sensitivity to DOX when MCF-7/ADR cells internalize Au@SiO,, and are
irradiated by laser, and then are exposed to DOX. (f) The influences of laser irradiation on the abil-
ity of Au@SiO,-engulfed cells to accumulate DOX. (g, h) The changes in the expression of
resistance-associated genes at mRNA level (g) and at protein level (h) when MCF-7/ADR cells
internalize Au@SiO, and then are exposed by 780 nm laser irradiation. (i) The synergetic effects
of photothermia and chemotherapy from Au@SiO,-DOX under laser irradiation to circumvent
DOX resistance (Reprinted with permission from ref. [14] Copyright 2014, John Wiley & Sons, Inc.)

other organs in the body. Cancer cells need to invade host tissue, migrate from the
primary tumor to blood or lymphatic vessels, translocate to distant sites, extravasate
and adapt to new microenvironments, seed there, and form secondary tumors. We
reported that serum protein-coated AuNRs exhibit negligible effects on the viability
and proliferation metastatic cancer cell lines, but effectively inhibit their migration
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Fig. 1.13 Thermo-chemotherapy strategy to inhibition of breast cancer stem cells (CSCs) using
polymer-modified and drug-loaded AuNRs. (a) A scheme to demonstrate that AuNRs serve as a
combinatorial platform with thermo-chemotherapeutic capability of inhibiting cancer stem cells
under laser irradiation. (b) UV-vis-NIR spectra of the pristine AuNRs and polyelectrolyte (PAA
and PDDAC)-conjugated AuNRs. (¢) Temperature curves of AuNRs after laser treatment. (d) Cell
viability of human breast cancer cells (MCF-7) treated with Au@PAA@PDD, Au/SA@PDD, and
SA (salinomycin) followed by NIR laser treatment, which triggers hyperthermia and SA release.
(e) Synergistic inhibition of aldehyde dehydrogenase positive (ALDH*) cells (CSCs) in MCF-7
population by Au/SA@PDC with NIR laser-triggered hyperthermia and SA release. (f) Images of
mammosphere formation ability of treated cells indicating the characteristic growth and prolifera-
tive properties of CSCs (Reprinted with permission from ref. [188]. Copyright 2014, Elsevier,
Ltd.)
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and invasion in vitro and in vivo (Fig. 1.14). For breast cancer cells (MDA-MB-231)
treated with AuNRs or not, both stable isotope labeling by amino acids in cell cul-
ture (SILAC)-based proteomics analysis and real-time PCR array have been used to
study the protein and mRNA expression. They found that exposure of cells to
AuNRs can downregulate the expression of diverse energy generation-related genes,
which is due to the inhibitory effects of AuNRs on mitochondrial oxidative phos-
phorylation (OXPHOS) and glycolysis. The impairment of mitochondrial functions
results in a reduction of ATP production and an inhibition of F-actin cytoskeletal
assembly, which is crucial for the migration and invasion of cancer cells [189].

1.12 Conclusions and Perspectives

In this chapter, we reviewed the recent progress on NIR light-mediated Au nano-
structures for cancer theranostics (Fig. 1.15). During the past decade, Au nanostruc-
tures with different geometry and morphology have been synthesized, which possess
unique optical and thermophysical properties, enabling multiple imaging and treat-
ment strategies. Great theranostic potential has been revealed for Au nanostructures
in serving as imaging contrast agents, photothermal therapy agents, and drug/gene
delivery vehicles. More recently, simultaneous realization of imaging, hyperther-
mia, and chemotherapy in a single theranostic nanoplatform has been developed to
optimize the efficacy of cancer treatments. Au nanostructures-mediated cancer ther-
anostics has great advantages including site-specific hyperthermia, NIR light-
controllable drug release, and imaging-guided therapy. The multifunctional
nanoplatform can generally result in a synergistic effect for optimal treatment effi-
cacy. For the construction of multifunctional theranostic platform, the ease surface
modification of Au nanostructures plays a critical role. By noncovalent and covalent
functionalization, targeting molecules, imaging contrasts, and chemotherapeutics
can be conjugated or encapsulated into a single nanoparticle.

Although a few Au nanostructures have been approved by FDA due to the high
biocompatibility, low cytotoxicity, and success in clinical trials [190], there are still
challenges in the engineering and in vivo behavior of Au nanostructure-based ther-
anostic platform. The first consideration in the use of Au nanostructures is their
toxicity and stability in biological buffers. Au nanostructures are typically synthe-
sized in aqueous media with surface ligands to facilitate their stability. To reduce the
toxicity of these non-biocompatible surfactants such as CTAB, native ligands are
replaced with neutral polymers, for example, PEG. However, removal of native-
stabilizing agent often results in agglomeration of Au nanostructures. Therefore,
long-term stability in vivo remains a challenge.

The second challenge is the fundamental understanding of the interaction
between Au nanostructures and cells. Recently, our group demonstrated that intra-
cellular localization, not uptake pathway, determines the fate of AuNRs in cancer
and normal cells. AuNRs are toxic to cancer cells but not to normal and mesenchy-
mal stem cells. Due to enhanced permeation of the lysosomal membrane of cancer
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Fig. 1.14 Inhibitory effects of AuNRs on human breast cancer cell migration by disrupting energy
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cells, nanorods are released into the cytoplasm and transferred from the lysosomes
to mitochondria and induce decreased mitochondrial membrane potentials, increas-
ing oxidative stress and finally cell death. However, negligible toxicity was observed
in normal cells and mesenchymal stem cells since the lysosomal membrane kept
intact. This study provides a detailed understanding of the mechanism of cell-
specific cytotoxicity and will guide the design of organelle-targeted Au nanostruc-
tures for cancer therapy. The photothermal treatment of Au nanostructures on the
cancer-resistant cells and cancer stem cells are also reported, and significant differ-
ences exist compared to normal cancer cells [56, 188]. These results suggest the
importance of the understanding on the direct interaction between Au nanostruc-
tures and different kinds of cells.

The third challenge is to understand the in vivo behavior of Au nanostructure-
based theranostic agents including pharmacodynamics, pharmacokinetics, and their
toxicity potential in animals and humans. For the past decades, several publications
have reported the biodistribution and toxicity of Au nanoparticles [193]. However,
systematic studies still lack about how the physicochemical properties of nanopar-
ticles, the types of animals, even their physiological conditions of animals, etc.,
influence the biodistribution, circulation, translocation, metabolism, degradation,
and secretion. Zhang et al. studied the biodistribution of GNRs, Au nanospheres
(GNSs) of different sizes, and Au nanoclusters (GNCs) in vivo. They found that the
administrated Au nanoparticles into mouse tail vein have a short term of blood cir-
culation (<2 min) and except of hydrolyzed GNCs, most of these nanoparticles
distribute in the liver for 28 days. Due to a small size distribution of GNCs, these
hydrolyzed GNCs mainly reside in the kidney with high contents even 7 days
postinjection. Except of 50 nm GNSs, most nanoparticles can be removed by secret-
ing into urine [194]. For a long-term study, the liver and spleen are the major organs
to accumulate these Au nanoparticles, which were consistent with our previous
report [195]. Using X-ray absorption spectroscopy, we revealed that AuNRs in the
liver and spleen remain stable chemical forms as elemental Au rather than ionic Au
that is much toxic than NPs. To study the biocompatibility of Au nanoparticles of a
larger size (>20 nm), we can exclude the possible degradation into ions in vivo but
consider the effects from the properties such as surface chemistry, shape, size, etc.

<
<

Fig. 1.14 (continued) energy generation after MDA-MB-231 cells are treated with AuNRs. The
left scheme represents SILAC strategy coupled with 2D-LC-MS/MS. The right indicates number
of modulated proteins by AuNRs and the representative protein quantitative confirmation using
western blot analyses. (e) The effects of AuNRs on the migration and invasion abilities of cancer
cells, using transwell migration and invasion assays. (f) Effects of AuNRs on the intracellular ATP
level, using a luciferase-based luminescence assay that is normalized to protein concentrations.
Before ATP measurement, the cells are pretreated with or without 100 mM 2-deoxyglucose
(2-DG), 1 pM oligomycin (OM), or 50 p M AuNRs for 24 h. (g) Effects of AuNRs on the oxygen
consumption rate (OCR) in the presence or absence of AuNRs that is monitored using the Seahorse
XF24 Extracellular Flux Analyzer in real time. (h) Impairment of F-actin cytoskeletal assembly by
AuNRs in cancer cells. (i) The bright images (i/) and the section images (i2) after H&E staining
for metastatic nodules of tumor on the lung surface of mice. (j) The corresponding images of meta-
static nodules of tumor after the mice are administrated by tail-vein injection with AuNRs
(Reprinted with permission from ref. [189]. Copyright 2014, John Wiley & Sons, Inc.)
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Fig. 1.15 Brief summary for applications of Au nanostructures as NIR light-mediated platforms
for cancer theranostics. (a) Thermal- and light-triggered release of ssSDNA from Au nanoshells
(AuNSs). (al) A scheme of single-stranded DNA-modified AuNSs containing a spherical silica
core. (a2) Scanning electron microscope image of AuNSs. (a3) Extinction spectra of AuNSs (ii).
(a4) The release profile of DNA strands from AuNSs after thermal treatment (black squares) and
laser irradiation (red dots) (Reprinted with permission from ref. [191]. Copyright 2011, American
Chemical Society). (b) GNSs as a drug cocktail to fight against cancers through NIR light irradia-
tion. (b1) A scheme of GNSs with a silica nanorattle core (GSNs) and a targeting ligand-modified
surface. (b2) Temperature imaging of a tumor-bearing nude mouse after injection with pGSNs-Tf
during photothermal therapy (2 W/cm?, 3 min). (b3) UV-vis-NIR spectra of GSNs and PEG- and
transferrin-modified GSNs (pGSNs-T¥) that indicate NPs within the inset. (b4) In vivo antitumor
activities on MCF-7 bearing nude BALB/c mice (Reprinted with permission from ref. [134].
Copyright 2012, John Wiley & Sons, Inc.) (¢) Au@SiO, as a light-mediated multifunctional ther-
anostic platform. (c/) Photothermal effect of NIR irradiation (790 nm, 48 W/cm?) on the lysosomal
membrane integrity. (c2) Intracellular localization of DOX (red) and Au@SiO, (blue) with Lyso-
Tracker (green) supported by TPL images. (¢3) Photothermal stimulus triggering DOX release for
chemotherapy and the efficiency evaluated by Live-Dead assay (Reprinted with permission from
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However, GNCs of several nm diameters consist of both elemental and ionic Au, but
their potential toxicity or compatibility for long-term in vivo needs more attention
in the future.

To study the biodistribution of Au nanoparticles in vivo, ICP-MS has been widely
used to qualify the contents of Au in various organs, tissues, biological fluids, and
cells. For ICP-MS determination, animals must be sacrificed to obtain a given organ
to digest samples in acidic solution and to measure the Au content. To capture the
nanoparticles in blood, a short half-life for clearance is a challenge using ICP-MS
procedure. The optoacoustic imaging is a novel noninvasive imaging technique
which provides convenience for studying real-time and semiquantitative pharmaco-
kinetic and biodistribution profiles of Au nanoparticles. With a maximal absorption
of NIR light, the AuNRs and Au nanostars can produce heat to ultrasound wave
signals, which can be quickly visualized by multispectral optoacoustic tomography
(MSOT). This technique has a high spatial resolution (150 pm for whole body;
20-50 pm for local imaging) and good contrast and provides a real-time monitoring
method to collect the signals from photothermal-responsive Au nanomaterials. The
contents of AuNSs and AuNRs in the blood vessels, liver, spleen, and kidneys can
be sensitively detected in real time to provide the blood clearance, the accumula-
tion, and removal process of NPs in an interested tissue or the body (Fig. 1.16).
Combination of MSOT and ICP-MS is thus an appropriate approach for short- and
long-term monitoring of Au nanoparticles in vivo [196].

Cells lines are widely used to study the potential toxicity and to understand
mechanism. The various factors including physicochemical properties of Au
nanoparticles [11], the cell culture environment [50], and cell types [56] play
important roles in mediating their cellular effects. Due to the diversity of these
factors, it is difficult to reveal the underlying mechanism of cytotoxicity caused by

<
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Fig. 1.15 (continued) ref. [95]. Copyright 2012, John Wiley & Sons, Inc.) (d) DNA self-assembly
on AuNRs as cancer cell-targeted and NIR light-responsive nanoparticles for thermo-chemotherapy.
(d1) Scheme of DNA assembly and DOX loading on the AuNRs. (d2) Antitumor effects of various
treatments on tumor-bearing mice (Reprinted with permission from ref. [192]. Copyright 2012,
John Wiley & Sons, Inc.). (e) HAuNS-loaded microspheres (HAuNS-MSs) for thermo-
chemotherapy. (e/) Hypothetical structures of PTX/HAuNS-MSs. (e2) Inhibition of U87 human
gliomas growth in tumor-bearing nude mice when treated with various modes (Reprinted with
permission from ref. [153]. Copyright 2010, John Wiley & Sons, Inc.). (f) Targeted photothermal
chemotherapy using DOX-loaded HAuNSs. (f/) Scheme of SH-PEG-c(TNYL-RAW)-conjugated
HAuNS:s. (2) Impact of NIR laser treatment on the growth of the bearing tumors in mice (Reprinted
with permission from ref. [155]. Copyright 2012, American Association for Cancer Research). (g)
Polymer-coated AuNCs with capability of releasing chemotherapeutic drugs controllably under
NIR light irradiation. (g/) Scheme of polymer-coated AuNCs for drug delivery. (g2) Effects of
nanocarriers on cell viability after treatments: (C-/) 2 min irradiation in absence of AuNCs; (C-2)
2 min irradiation in the presence of Dox-free AuNCs; and (2/5 min) 2 min or 5 min irradiation by
NIR laser in presence of Dox-loaded AuNCs (Reprinted with permission from ref. [163]. Copyright
2009, Nature Publishing Group). (h) Enhanced release of drug from AuNCs under NIR irradiation.
(h1) Schematic illustration of Fe;O,@CaP-capped AuNCs. (h2) Effects of dose and triggered pho-
tothermia of Fe;O,@CaP-capped AuNCs on viabilities of cancer cells (Reprinted with permission
from ref. [165]. Copyright 2012, Royal Society of Chemistry)
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Fig. 1.16 In vivo pharmacokinetic features and biodistribution of Au nanorods and nanostars
(AuNSs). (a, b) TEM images of AuNRs and AuNSs. (¢) The vis-NIR light absorption spectra of
AuNSs and AuNRs using multispectral optoacoustic tomography (MSOT). (d, e) Real-time phar-
macokinetic studies of AuNSs (d) and AuNRs (e) by MSOT after injection of these Au nanopar-
ticles into tail veins of mice. (f) Biodistribution and accumulation study of injected AuNSs in the
liver measured by the optoacoustic signals using MSOT. (g) Images of a given section in the liver
based on the distribution of AuNSs in a frozen section. (h) The real-time photoacoustic images of
AuNSs at the region of interest (ROI, highlighted in yellow circle) in the liver slice. (i)
Biodistribution of AuNSs and AuNRs in the liver, determined by ICP-MS (Reprinted with permis-
sion from ref. [196]. Copyright 2015, Royal Society of Chemistry)

Au nanoparticles. The —omics-related techniques have provided opportunity to
study the induced toxicity. We thus used '"H NMR spectroscopy-based metabonom-
ics to study the pathway and to screen biomarkers of selective toxicity to cancer
cells caused by CTAB-capped AuNRs. According to the results in molecular levels,
normal cell lines and cancer cells show distinct changes in the metabolites that
relate to oxidative stress and energy generation, the metabolism of amino acids, and
nucleotides. The cellular responses are also time dependent that can illustrate how
the molecular pathways contribute to distinct effects of two cell lines. The metabo-
nomics results showed that AuNRs induce oxidative stress in both cell lines, but
normal cells are more easily to offset the oxidative stress than cancer cells. Thus, the
severe oxidative stress induces damage to cancer cells and to result in cell death
[197]. We also employed SILAC-based proteomics to screen the signal network to
inhibit the migration of cancer cells treated by AuNRs. The exposure of breast
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cancer cells to AuNRs suppresses energy generation-related pathway like the
mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis [189].
The modulation in molecular levels helps us understand the underlying major
mechanism of the cellular effects and predicts the potential risk of nanomaterials for
biomedical applications.

In the end, most animal models were highly specific; thus the replicative results
of biological effects and biomedical applications are sometimes hard to achieve.
Predicting and evaluating toxicity of the designed Au nanostructures in vitro should
base on systematic studies about how the varied factors regulate cellular effects, by
combining conventional techniques for molecular and cell biology, multi-omics-
based techniques, and some novel techniques in nanotoxicology. Evaluating in vivo
behavior of Au nanostructures in multiple xenograft models is also necessary for
clinical translation. More efforts are needed to acquire detailed information to pave
the way of developing Au nanostructures for clinical applications.
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Chapter 2
Gold Nanostructures for Cancer Imaging
and Therapy

Yongping Gao and Yongsheng Li

Abstract Gold nanostructures can manipulate light at the nanoscale based on the
optical phenomenon widely known as localized surface plasmon resonance (LSPR).
Upon light excitation, specific gold nanostructures are supposed to preferentially
absorb or scatter light in the near-infrared (NIR) region, which enable them appli-
cable as imaging and therapeutic agents. Furthermore, facile surface functionaliza-
tion via Au-S bonding makes gold nanostructures as universal substrates to attach
functional molecules, drug cargo, and targeting ligands. Together with their easy
synthesis and non-toxicity, gold nanostructures have emerged as a greatly promis-
ing platform in cancer diagnostics and treatment. This chapter summarizes the prog-
ress made in cancer imaging and therapy with gold nanostructures (1) as therapeutic
components for photothermal therapy, photodynamic therapy, chemotherapy, and
their combination; (2) as probes for various imaging techniques including dark-
field, optical coherence tomography, two-photon luminescence, photoacoustic
imaging, computed tomography, and surface-enhanced Raman scattering based
imaging; and (3) as a theranostic platform for imaging-guided therapy.

Keywords Gold nanostructures ® Nanoshell ® Nanorod * Nanocage ¢ Photothermal
therapy ¢ Contrast agents ® Imaging-guided therapy

2.1 Introduction

Gold nanostructures have emerged as a promising new platform in biomedical diag-
nostics and targeted therapeutics due to their unprecedented capability to manipu-
late light at the nanoscale and to integrate into biological systems [1, 2]. Most of
these applications based on gold nanostructures come from an optical phenomenon
known as localized surface plasmon resonance (LSPR), which is determined
and highly tunable by the size and shape of the nanoparticle [3]. It can be tuned to
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preferentially absorb or scatter light at specific wavelengths in the visible and
near-infrared (NIR) regions of the spectrum. In the NIR “tissue window,” light
penetration into tissue is optimal. Compared with conventional chemotherapy drugs
or small-molecule imaging agents, gold nanostructures offer several advantages for
biomedical applications, including high biocompatibility and noncytotoxicity [4],
passive accumulation at tumor sites due to the enhanced permeability and retention
(EPR) effect [5], and ease of bioconjugation via Au-S bonding to provide increased
stability and active tumor targeting [6, 7].

Following excitation of LSPR by NIR laser, gold nanostructures tuned to absorb
NIR irradiation are particularly useful as mediators for photothermal cancer therapy
[8], to enhance contrasting effects in photoacoustic tomography [9] or to trigger
thermosensitive release in drug-delivery systems [10—13]. Furthermore, the NIR
light scattering of gold nanostructures has been applied for biomedical imaging
such as dark-field microscopy and optical coherence tomography [14]. Other imag-
ing modalities have also been integrated into gold nanostructures for imaging-
guided therapy [15]. Over the past two decades, the pace of research in this field has
advanced significantly and rapidly. It has been the present authors’ best attempt to
follow new developments in the field, but, given the pace of progress, this chapter
will be partially outdated by the time it hits the press. This chapter is designed for
researches already in the field to use it as a quick reference or “early-stage” research-
ers to gain a broader understanding of this field. The first section of this chapter will
highlight the unique optical and material properties of gold nanostructures. Then, it
will focus on the photothermal therapy based on various types of gold nanostruc-
tures. Also, the combination with other therapeutic approaches such as chemother-
apy will be discussed. In the third section, gold nanostructures for diagnostics will
be comprehensively described. Finally, gold nanostructures developed for imaging-
guided therapy of cancer will be discussed.

2.2 Plasmonic Properties and Surface Functionalization
of Gold Nanostructures

2.2.1 Radiative Properties

When light interacts with gold nanostructures, conduction electrons can be driven
by the incident electric field in collective oscillations known as localized surface
plasmon resonance (LSPR) [16]. Figure 2.1 illustrates this phenomenon for a gold
nanosphere — the simplest type of LSPR (dipolar LSPR). This gives rise to a drastic
alteration of electromagnetic fields on the gold surface with local field intensities
which can be orders of magnitude greater than those of the incident field. The
enhanced electromagnetic fields affect both radiative and nonradiative properties of
gold nanostructures, resulting in absorption and light scattering following light inci-
dence (Fig. 2.2). By adjusting the size and shape of gold nanostructures, the relative
absorption and scattering behaviors can be controlled [3]. Small nanoparticles
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Fig. 2.1 Schematic illustration of LSPR of an individual gold nanosphere showing the collective
oscillation of delocalized electrons in response to an external electric field

Fig. 2.2 Optical processes
(radiative or nonradiative)
resulting from the
interaction of light with a
gold nanoparticle

predominantly absorb light, while larger nanoparticles are largely scattering incident
light. But for gold nanostructures with complex geometry, e.g., nanorods and
nanostars, the absorption and scattering properties are dependent on their unique
geometry greatly and their size on a small way [17]. Highly scattering gold nano-
structures are particularly utilized as contrast agents for dark-field imaging [18, 19]
and for computed tomographic (CT) imaging [20]. Moreover, the greatly intensified
local field of gold nanostructures enhances the Raman signal of molecules in the
vicinity of gold surface, enabling surface-enhanced Raman scattering (SERS)-based
imaging [21].

Besides, by engineering the size, shape, and morphology of the nanostructure
and the interparticle distance and dielectric environment, their LSPRs can be tuned
from visible to the NIR region (700-1,400 nm) [22-24]. The NIR region is the
so-called biological window defined as the spectral ranges where tissues become
partially transparent due to the simultaneous reduction in both absorption and scat-
tering [25, 26]. This is of particular interest for deep-tissue imaging and treatment.
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Fig. 2.3 Extinction coefficient of a representative tissue. The different effects leading to light
attenuation (such as the presence of hemoglobin, water, and optical scattering) and the spectral
extensions of the two biological windows are indicated (Reproduced from Ref. [17] by permission
of The Royal Society of Chemistry)

Figure 2.3 shows the extinction spectrum of a typical human tissue [17]. The presence
of several absorption bands is used to define two main biological windows. The first
biological window extends from 700 to 980 nm, which was firstly proposed in 2001
[25] and has been extensively applied since then. In this spectral region, light
absorption strongly vanishes but residual scattering still exists. The second biologi-
cal window ranges from 1,000 to 1,400 nm, where optical absorption does not van-
ish completely; on the other hand, optical scattering is minimized. A range of gold
nanostructures with variable shapes and sizes are shown in Fig. 2.4, and their tun-
able optical resonances are shown in Fig. 2.5. Since size-dependent LSPR tenability
of gold nanospheres is quite limited (only in the visible region), the effective ways
to achieve NIR plasmon resonance is usually by using nanoshells and anisotropic
nanostructures. As seen from Fig. 2.5a, the plasmon peak shifts to the NIR region as
branch aspect ratio of gold nanostars increases [27]. The long-axis LSPR peak red-
shifts from the visible to the NIR as the nanorod aspect ratio increases (Fig. 2.5b)
[28]. Au nanocages (Fig. 2.5¢) and nanoshells (Fig. 2.5d) show similar visible-NIR
tunability of LSPR by facile control of the wall thickness and void size [29] and of
the shell thickness (or thickness-to-core radius ratio) of the nanoshell [30],
respectively.

Additionally, interparticle plasmonic coupling occurs when nanoparticles are
brought in close proximity to one another as dimers, trimmers, and other higher-
order clusters, leading to redshifts in LSPR and enhanced local electric field.
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e 50 nm

Fig. 2.4 TEM and SEM micrographs of gold nanostructures with various shapes and sizes: (a)
nanospheres, (b) nanoshells, (¢) nanorods, (d) nanostars, and (e) nanocages ((a) Reprinted with the
permission from Ref. [31]. Copyright 2003 American Chemical Society. (b) Reprinted from Ref.
[30], Copyright 1998, with permission from Elsevier. (¢) Reprinted with the permission from Ref.
[32]. Copyright 2012 American Chemical Society. (d) Reproduced from Ref. [33] by permission
of IOP Publishing. (e) Reprinted with the permission from Ref. [34]. Copyright 2007 American
Chemical Society)

Generally, the coupling does not occur until the interparticle separation is less than
2.5 times the particle diameter [35]. El-Sayed et al. proposed a universal relation-
ship between the exponential decay of the spectral shift with respect to the interpar-
ticle separation [36]. Formation of gold nanostructure assemblies is not only
distinguishable by clear redshift in the plasmon resonance but also by a dramatic
change in solution color. These spectral and colorimetric changes have been har-
nessed in LSPR sensing of DNA, proteins, and biomolecules [37—40]. On the other
hand, the significantly intensified local electric fields, also known as “hot spots”
within the junctions of closely clusters, give rise to substantial enhancement in
SERS enabling the detection of cancer cells [41-43].



58 Y. Gaoand Y. Li

a] = % 50 f??‘_\ 5% '?_? Aspect ratio  ———
o1 = 510 AL N S
§ o~ ,""'1 fr{\f ," A Y \
5 -%ﬂ.s l'l :“.J' "{llfli'l.l; \\| \_lr\\l
E £ A ARA A L
0 / !
= Yos
15 '§
o 10 N '_é’n.-m
: I\ 2
e 5 Fi Ao 0.2
3 ‘-*/\_}-L i S
i P < TeEEREA
g 0o 600 800 1000 1200 ‘400 600 800 1000 1200
) Wavelength (nm) d Wavelength (nm)
Cc
101 % AU —> Shollthlckmszo nm 10nm, im Snm
0.8 s
S o
5 0.6+ £
S c
£ 0.4 2
i - °
c
0.24 / b=
b w
0.0
400 600 800 1000 500 600 700 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

Fig. 2.5 Tunability of plasmon resonances achieved by varying the geometry of (a) nanostars, (b)
nanorods, (¢) nanocages, and (d) nanoshells [30] ((a) Reproduced from Ref. [27] by permission of
IOP Publishing. (b) Reproduced from Ref. [28] by permission of IOP Publishing. (¢) Reprinted by
permission from Macmillan Publishers Ltd: Ref. [29], copyright 2007. (d) Reprinted from Ref.
[30], Copyright 1998, with permission from Elsevier

2.2.2 Nonradiative Photothermal Effects

In addition to radiative decay, plasmons also relax nonradiatively through electron-
electron collision or electron-lattice which generates light absorption by the
nanoparticle [44]. Light to heat conversion has been extensively employed for pho-
tothermal therapy [45—48] and photothermal drug release in cancer cells [13, 49—
52], as well as for two-photon luminescence imaging [27, 53]. The underlying
mechanism of photothermal process has been extensively studied with ultrafast
laser spectroscopy [22, 54]. Figure 2.6 illustrates the photothermal characteristics of
gold nanostructures [15]. Upon excitation with the resonant photons, the photoexci-
tation of the electron gas results in rapid nonequilibrium heating. The initial elec-
tronic excitation is followed by relaxation at subpicosecond timescale (~30 ps) by
means of electron-electron scattering which results in the surface temperature
increase of the metal [55, 56], leading to the ablation of the nanoparticle, desorption
of surface capping, or melting and reshaping. Then, cooling to equilibrium by
energy exchange happens between the electrons and the lattice phonons. At slower
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Fig. 2.6 Schematic illustration describing the principle of incident light to heat conversion by
gold nanostructures (Reproduced from Ref. [15] by permission of The Royal Society of Chemistry)

rates, the lattice cools via phonon-phonon process (~100 ps) leading to heating of
the local environment (surrounding medium). Thus, when gold nanostructures after
incubation with cancer cells are illuminated, a large temperature difference between
the hot nanoparticle surface and the much cooler surrounding biological medium
occurs, resulting in an abrupt local temperature increment and the corresponding
cell death.

The nonradiative properties of gold nanostructures also manifest themselves in
the form of two-photon photoluminescence (TPL) of gold. An electron in the sp-
conduction band is excited by the first photon from below the Fermi energy to above
it via an intraband transition. This gives rise to a charge-separate state within the
conduction band. An electronic transition from the d-band to sp-band occurs with a
second-photon excitation, generating an electron-hole pair followed by recombina-
tion of separated charges resulting in TPL emission [57]. TPL based on variable
gold nanostructures has been considerably investigated and applied for cancer
imaging [58-62].

2.2.3 Surface Functionalization

The surface chemistry of gold is closely related to a number of critical attributes that
make gold nanostructures a promising platform for biomedical applications. The
nonreactive and relatively bio-inert nature of gold makes this metal a good candi-
date for both in vitro and in vivo applications. The low cytotoxicity of gold nano-
structures, along with favorable clinical biocompatibility, has been demonstrated in
a number of studies [63, 64]. Nevertheless, the synthetic reagent CTAB, for exam-
ple, which is so crucial in a number of preparations of gold nanorods and other
shapes, is highly toxic to cells at micromolar concentrations on its own [7]. The
binding of toxic CTAB to a nanoparticle surface makes it far less bioavailable than
it would be if it were free in solution. Thus, chemical tuning of the nanoparticle
surface is still necessary to impart biological compatibility and specificity to gold
nanoparticles.



60 Y. Gaoand Y. Li

Functional binding onto the surface of gold nanostructures for biomedical
applications follows largely on work of self-assembled monolayers (SAMs), where
molecules generate highly ordered monolayers once they adsorb onto a gold surface
[65]. A rich variety of functional molecular linkers are currently employed in the
conjugation of gold nanoparticles, and the anchoring groups utilized for attachment
of these molecules to the gold surface generally include thiolate [66—68], dithiolate
[69], dithiocarbamate [70], amine [71], carboxylate [71], selenide [72], isothiocya-
nate [68, 71], or phosphine [67, 73] moieties. Among these groups, thiolate and
dithiolate are most well known for forming strong, stable gold-thiolate bonds (Au-
S, ~50 kcal/mol) to molecules with thiol (-SH) or disulfide groups (S-S) [65]. By
carefully choosing the functional groups at the distal end of the molecule, it is pos-
sible to design and generate a well-defined interface for better stability and interac-
tion with cells and biomolecules in specific ways (Fig. 2.7). Apart from that, gold
nanostructures can also adsorb biological molecules in a nonspecific manner. A
variety of proteins will adsorb to a non-protected gold surface when it is transferred
into a biological medium. The adsorbed proteins can affect the surface properties of
gold nanostructures and thus their cellular uptake [7].

Thiolated poly(ethylene glycol), PEG-SH, is by far the most commonly employed
surface ligand for gold nanostructures. It is a biocompatible polymer that helps
prevent particle aggregation, nonspecific protein adsorption, and the uptake of cir-
culating gold nanoparticles by the reticuloendothelial system (RES), allowing for
longer circulation of gold nanoparticles in the bloodstream and consequently their
greater accumulation in tumors through the enhanced permeability and retention
(EPR) effect [74]. When the surface ligands for nanoparticle synthesis bind less
strongly than gold thiolate interactions, their replacement with a thiol-terminated
PEG is relatively straightforward [75].

Poly(ethylene glycol)

Drug molecules
\Eﬂ ! I Targetlng groups

-co"‘n“l'm

m- Au DNA/RNA

Smart polymer
Charged polymer

Fig. 2.7 Gold nanostructures can be conjugated with a wide variety of functional moieties
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Gold nanostructures can be endowed with active targeting capabilities via careful
surface modification. If nanoparticles are conjugated with a complimentary moiety
(e.g., antibodies, peptides, and folate, among others), they will bind to cancer cells
as they circulate, increasing their concentration in the desired region. Furthermore,
the binding of the targeting moiety can either occur directly to the surface of the
nanoparticle or to the terminal end of an attached PEG chain with an appropriate tail
group [74, 75].

It is also possible to attach a number of other functional groups to the surface of
gold nanostructures through thiolate binding, as shown in Fig. 2.7. For example, by
adsorbing specific polymers to the surface, the charge of gold nanoparticle is sup-
posed to be controlled, which is important as surface charges have a significant
effect on both the cellular uptake and biodistribution of nanoparticles [76-78].
Inorganic complexes such as cisplatin or its prodrug forms can be bound to gold
nanoparticle by way of appropriate ligands, which facilitate intracellular transport
and subsequent activation of prodrug [79]. It is also simple to use the thiol group to
attach for sensing applications, smart polymers for stealth delivery, as well as a wide
variety of other types of molecules [13, 51, 71, 80-82].

Besides, gold nanoparticles could be fully encapsulated by silica (glass) shells by
vitreophobic surface conjugation and facile silane chemistry [83—85]. This is of
particular interest for use with gold nanorods, where CTAB molecules binding on
the surface could be completely removed or displaced. Furthermore, Raman reporter
molecules could be entrapped onto gold nanostructures followed by silica encapsu-
lation, forming SERS probes with great potential in SERS detection [86].

2.3 Gold Nanostructures for Photothermal Therapy

Thermal treatments are based on driving a part of the body above its normal tem-
perature for a defined period of time. Temperature plays an extremely important
role in the dynamics and viability of biological system ranging from the simplest
(cells) to the most sophisticated ones (tissues and organisms) [87]. In the case of
human, any temperature increment above the normal body temperature (circa 37
°C) is usually regarded as a negative sign as it could indicate the presence of disease
(fever) and even irreversible damage and fatal organ failure [88]. Nevertheless, con-
trolled temperature increments could have positive effects in patients with an ongo-
ing disease, such as cancer. In the last few years, great efforts have been put into the
development of novel techniques for controlled and localized heating, along with
understanding of the mechanisms on the basis of temperature-induced cell killing
and modification [89, 90]. It is believed that the temperature-induced changes
caused at the cellular level are unequivocally determined by the intensity and dura-
tion of the increment [91]. Depending on the magnitude of the induced temperature
increment, thermal treatments and related effects on tumors would be classified into
several periods, as depicted in Fig. 2.8 [92]. By increasing the tumor temperature
above 48 °C during a period of time (a few minutes), irreversible injury treatments
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Unfolding and aggregation of proteins.

Increased susceptibility to radiation and chemotherapy.

Irreversible damage for long exposures (> 60 min.).

Fig. 2.8 Schematic diagram of the variety of effects caused by the different thermal treatment as
classified by the corresponding operating temperature (Reproduced from Ref. [17] by permission
of The Royal Society of Chemistry)

would occur. In this case, a drastic activation of cell death is achieved as a conse-
quence of coagulative necrosis processes. As it is increased above 60 °C, an almost
instantaneous and irreversible protein denaturation will be caused. These treatments
are considered highly efficient but lack selectivity accompanied by relevant collat-
eral damage to adjacent tissue. Within 41-48 °C temperature, tumor would experi-
ence hyperthermia treatments. Several processes of relevance at the cellular level
are supposed to be simultaneously activated, including protein denaturation, tran-
sient thermo-tolerance, and cell inactivation. Temperature up to 41 °C does not
induce relevant modifications at the cellular level, which is mainly applied in phys-
iotherapy favoring muscle relaxation and pain relief.

Recently, the development of nanoparticles capable of efficient heat generation
with laser irradiation has attracted much attention [93]. In particular, gold nano-
structures with plasmonic properties tailored into NIR region have shown great
promise for cancer photothermal therapy through nonradiative photothermal effect,
demonstrating the ability to destroy cancerous lesion in vivo [94]. A diverse range
of gold nanoparticles have been explored for use in phothermal therapy [95, 96].
Key features to consider when selecting a nanostructure for photothermal therapy
are the plasmon resonance wavelength, the absorption cross section, and the size of
the nanoparticle. In this section, the development of gold nanostructures including
nanoshells, nanorods, nanocages, and other anisotropic gold nanoparticles for pho-
tothermal therapy will be discussed. Besides, as single photothermal therapy is not
as effective as we expected, for example, caused by thermo-tolerance of cancer
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cells [97], the combination of photothermal therapy with other therapeutic strategies,
mainly photodynamic therapy and chemotherapy, has received tremendous interest
in recent years [98—102], which will be covered in the second section.

2.3.1 Gold Nanoshells

Gold nanoshells are usually core/shell nanoparticles comprising a dielectric silica
core surrounding by a gold shell and can be easily synthesized through the seed-
mediated growth process [30, 103, 104]. As their LSPR can be easily tuned to NIR
region by simply modifying the core-to-shell ratio, gold nanoshells were the first
sample used to demonstrate photothermal cancer therapy, and now the transition of
this approach to clinical trials is currently underway [105]. In 2003, Hirsch et al.
[45] studied the temperature distribution in tumors during thermal therapy and high-
lighted the merits of injecting nanoshells directly into the tumor interstitium rather
than administering them intravenously. The mean change in temperature for the
nanoshell group (37.4+6.6 °C) was high enough to cause irreversible thermal dam-
age, whereas the more modest temperature increase in the nanoshell-free control
group (9.1£4.7 °C) was insufficient to cause any permanent damage. Interestingly,
the heating profile was approximately homogeneous, which indicated that the tumor
volume contained a near-uniform distribution of nanoshells. The maximum high
temperature was measured approximately 1 mm below the surface and not at the site
of injection. In another study in 2004, O’Neal et al. [106] have successfully treated
mice inoculated with tumors after injection with PEGylated nanoshell solution via
tail vein. A complete resorption of tumors was observed within 10 days, and all
mice were healthy and free of tumors at 90 days. By contrast, in the control groups,
the tumors continue to grow after treatment, with a mean survival time of 10.1 days.

Except for silica, different materials have been used as cores of nanoshells. Liu
and coworkers reported a new approach toward the design of nanoshells on carbox-
ylated polystyrene [107]. The tumor volumes of the treatment group by the
nanoshells injected intraperitoneally were significantly lower than those of the con-
trol groups, with an average inhibition rate over 55 %. Recently, lipid vesicles, mes-
oporous silica, and other functional nanoparticles have also been used as the
template to prepare nanoshells as photothermal therapy agents [108—111].
Furthermore, because of the ease of surface functionalization, gold naoshells are
often conjugated with targeting ligands for targeted photothermal therapy [98]. In
2009, Li and coworkers investigated in vivo tumor targeting by PEGylated
nanoshells conjugated with a melanocyte-stimulating hormone (MSH) analogue for
selective photothermal ablation of melanoma tumors [112]. In the meantime, it is
found that intravenous injection of RGD peptide-conjugated nanoshells could target
glioma tumors for photothermal treatment which significantly prolonged the sur-
vival of tumor-bearing mice [113].

Gold nanoshells have a significantly larger photothermal transduction cross sec-
tion, compared to gold nanorods on a per particle basis [114]. However, the lower
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absorption efficiency of gold nanoshells, usually below 60 % (much lower than that
of gold nanorods, above 90 %) [114, 115], greatly limits their applications in photo-
thermal therapies. By encapsulating gold cores into gold nanoshells, a gold-silica-
gold multilayered nanoshell structure, known as a simple “nanomatryoshka” [24],
has been created to provide a higher plasmonic tunability. Theoretically, the relative
absorption and scattering efficiencies can be tuned in a wider range by controlling
the geometry [116]. In a recent work, Halas and coworkers [117] calculated that the
absorption efficiency for a nanomatryoshka with plasmon resonance at about
800 nm is 4.26, which corresponds to 77 % of the total extinction efficiency of 5.53
(Fig. 2.9). These nanomatryoshkas show a scattering efficiency of 1.26, 23 % of
their extinction efficiency. For nanoshells exhibiting the similar plasmon resonance,
the major contribution to the total extinction comes from a scattering efficiency of
7.25, which represents 85 % of the extinction efficiency, with a minor contribution
from the absorption efficiency of 1.24, only 15 % of the total extinction efficiency.
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Fig. 2.9 Optical and structural properties of nanomatryoshka and nanoshells. Experimental
ensemble extinction spectra of nanomatryoshkas (a) and nanoshells (b). Calculated extinction,
scattering, and absorption cross-section spectra (Mie theory) of the [ry, 1y, 13] = [21, 31, 44] nm
nanomatryoshka (¢) and the [ry, 1,] = [62, 76] nanoshell (d) (Reprinted with the permission from
Ref. [117]. Copyright 2014 American Chemical Society)
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The larger absorption efficiency and smaller scattering efficiency of nanomatryoshkas
will result in higher photothermal transduction efficiency than that of the gold
nanoshells. Furthermore, after an intravenous injection of Au nanomatryoshkas fol-
lowed by a single NIR laser dose of 2 W/cm? for 5 min, 83 % of the TNBC tumor-
bearing mice appeared healthy and tumor-free >60 days later, while only 33 % of
mice treated with nanoshells survived the same period. The combination of smaller
size and larger absorption cross section of Au nanomatryoshkas makes this nanopar-
ticle more effective than gold nanoshells for photothermal cancer therapy. In another
study, sub 100 nm gold nanomatryoshkas comprising concentric gold-silica-gold
layers were demonstrated to accumulate into tumor with four- to fivefold the amount
of gold nanoshells following equal dose of injected gold [118]. The survival time of
mice-bearing large (>1,000 mm?®) and highly aggressive triple-negative breast
tumors is doubled for the nanomatryoshka treatment group under identical photo-
thermal therapy conditions. Li and coworkers [119] have successfully developed a
facile but controllable approach for the fabrication of the simple nanomatryoshka,
in which organosilica layer was chosen as the dielectric spacer layer. Upon near-
infrared (NIR) laser irradiation, nanomatryoshka performed much better than con-
ventional gold nanoshells at the same extinction intensity and could kill cancer cells
efficiently both in vitro and in vivo.

More excitingly, it is reported that gold nanoshells, as an effective class of pho-
tothermal agents, have entered clinic trails. Recently, Cancer Treatment Centers of
America (CTCA) and Nanospectra Biosciences have carried out the first clinical
trial for the treatment of primary and/or metastatic lung tumor by Aurolase therapy
that uses Auroshell (Fig. 2.10) based on gold nanoshells invented by Halas’s group
at Rice University. The therapy begins with an intravenous deliver of Auroshell, and

Fig. 2.10 Individual auroshell particle (leff) and IV bag of auroshell (right)
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after 12-24 h, for the tumor accumulation, a NIR laser is used to illuminate and
destroy tumors in the patient. It is known that this clinical trial is in phase II stage
right now [120].

2.3.2 Gold Nanorods

Gold nanorods, which were developed during the same period as gold nanoshells,
are generally smaller than nanoshells. They have been extensively explored in pho-
tothermal therapy due to their strong optical extinction in the visible and NIR region
[121]. By simple manipulation of the aspect ratio of nanorods, the strong longitudi-
nal plasmon resonance band of gold nanorods can be tuned into NIR region. Recent
studies have investigated the photothermal heating efficiencies of NIR-absorbing
gold nanostructures, and both theoretical and experimental results have shown that
nanorods could offer a superior absorption cross section versus gold nanoshells
when normalizing for particle size differences as well as heating per gram of gold
that is at least six times faster than gold nanoshells [114, 122, 123].

There have been numerous examples of gold nanorods used for in vivo photo-
thermal cancer therapy. Van Maltzahn et al. reported that PEG-coated gold nanorods
could be used as an efficient photothermal nanoheater [123]. In their work,
PEGylated nanorods exhibited a long blood half-life of ~17 h after intravenous
injection into tumor-bearing mice and could accumulate in tumor at ~7 % ID/g at 72
h postinjection. It was found that the tumors of the treatment group were rapidly
heated to over 70 °C by laser irradiation (810 nm, 2 W/cm?, 5 min), whereas the
control mice showed the maximum surface temperature at ~40 °C (Fig. 2.11). Thus,
tumors on mice that received PEGylated nanorods through intravenous injection
completely disappeared within 10 days after NIR laser irradiation, in marked con-
trast to the control groups with uninhibited tumor growth. Moreover, the survival
time of mice of treatment groups was over 50 days as compared to ~33 days for
control groups. Similar results of PEGylated gold nanorods for photothermal cancer
treatment have also been reported by Dickerson et al. [124].

Similar to gold nanoshells, active tumor targeting with gold-nanorod bioconju-
gates for effective in vivo photothermal therapy has also been achieved by a number
of groups. Choi et al. loaded gold nanorods into chitosan-conjugated pluronic-based
nanocarriers that could selectively target the tumor [125]. The nanorods showed a
rather high tumor uptake at over 20 % ID/g as compared with ~7 % ID/g for PEG
modified nanorods. After intravenous injection and the followed NIR laser irradia-
tion, tumor thermolysis was achieved, without showing any apparent damage to the
surrounding healthy tissues (Fig. 2.11). In another work, Li et al. demonstrated
tumor targeting and photothermal treatment using dendrimer-modified gold
nanorods conjugated with arginine-glycine-aspartic acid (RGD) peptide [126].
The biodistribution study revealed the gradually increased tumor uptake of RGD
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Fig. 2.11 (a) Biodistribution of GNRs or GNR-loaded nanocarriers in nude mice at 24 h after
intravenous (tail vein) injection. (b) Changes in tumor volumes and (c¢) the tumor images after
onetime NIR laser irradiation (808 nm, 4 W/cm?) for 4 min at 24 h after the i.v. injection of the
nanomaterials (Reprinted with the permission from Ref. [125]. Copyright 2011 American
Chemical Society)
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nanorods over time, and disappearance of tumors was observed after the intravenous
injection and NIR laser irradiation.

On the other hand, a major challenge to the use of gold nanorods for photother-
mal therapy is their susceptibility to reshaping into gold nanospheres under intense
laser illumination, resulting in a loss of the longitudinal NIR resonance. Horiguchi
et al. reported that CTAB could enhance heat isolation and cause the nanorods to
reshape [127]. Photothermal reshaping also strongly depends on the surface condi-
tions of the particle [128, 129, 130]. Chon et al. implemented a simple heat-diffu-
sion model to estimate the heat relaxation time of gold nanorods encased in silica
shells [129, 130]. They found that heat dissipation in the silica shell was much faster
than the gold-nanorod-reshaping process, resulting in the shell inhibiting nanorod
reshaping. Thus, silica coating could render gold-nanorod higher photothermal sta-
bility, as well as the biocompatibility resulting from the elimination of CTAB by the
coating of silica layer. This is anticipated to have wide biomedical applications in
cancer therapy [11, 131].
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2.3.3 Gold Nanocages

Gold nanocages represent another novel class of nanostructures firstly developed by
Xia and coworkers [132—134]. Gold nanocages are created by hollowing out the
interior of a sacrificial template of silver nanocubes (as well as silver nanocrystals
with other shapes). When silver nanocubes are titrated with a gold salt (typically
HAuCl,), a galvanic replacement reaction occurs, causing gold atoms to be depos-
ited on the surface of the nanocube and silver atoms to be dissolved from a small pit
in the surface. By increasing gold replacement, the LSPR peak position of gold
nanocages is tunable through the visible and into the NIR region.

In 2007, Xia’s group demonstrated the selective photothermal destruction of
SK-BR-3 breast cancer cells in vitro with gold nanocages functionalized by the
anti-HER-2 antibody [47]. After incubation with the immune nanocages, SK-BR-3
breast cells were irradiated with a femtosecond laser at various power densities for
5 min. A well-defined area of cellular death corresponding to the laser spot was
observed. Later in 2010, they examined the efficacy of gold nanocages for photo-
thermal cancer treatment in mice (Fig. 2.12) [135]. After intravenous injection of
PEGylated gold nanocages for 3 days, the tumor on each mouse was irradiated with
an 808 nm continuous-wave laser at a power density of 0.7 W/cm? for 10 min. It is
measured that the temperature of the tumors containing nanocages was rapidly
heated to over 55 °C, leading to effective ablation of the tumors. In another study,
they demonstrated that breast cancer stem calls (CSC) were targeted and eradicated
through photothermal treatment with gold nanocages by functionalizing their sur-
face with SV 119, a synthetic small molecule capable of binding to the sigma-2
receptor with high specificity [136].

25 35 45 55 65°C

Fig. 2.12 IR thermal images of nanocage-injected (leff) and saline-injected (right) tumor-bearing
mice. The inset shows a TEM image of the as-made gold nanocages (Reproduced from Ref. [135]
by permission of John Wiley & Sons Ltd)
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2.3.4 Other Gold Nanostructures

Another type of gold nanostructures with NIR absorption for photothermal therapy
is gold nanostars, which were spherical nanoparticles with multiple sharp edges and
a high absorption-to-scattering ratio in the NIR region, favorable for photothermal
heat generation [137, 138]. Lu et al. reported a multifunctional nanostars-based
SERS assay for targeting sensing, photothermal treatment, and in situ monitoring of
the photothermal response during the therapy process [138]. When nanostars were
attached to cancerous cells, the localized heating that occurred during NIR irradia-
tion was able to cause irreparable cellular damage. In another study, TAT-peptide
functionalized nanostars were demonstrated to enter cells significantly more than
bare or PEGylated gold nanostars [58]. After 4 h incubation of TAT-nanostars with
BT549 breast cancer cells, efficient photothermolysis was accomplished using
850 nm pulsed laser under 0.2 W/cm? irradiation, which was among the lowest
power densities ever reported for pulsed lasers and below the maximal permissible
exposure of skin. The photothermal ablation in vivo was further demonstrated using
PEGylated gold nanostars [59]. On a mouse injected systemically with PEGylated
nanostars for 2 days, extravasation of nanostars was observed, and localized photo-
thermal ablation was demonstrated on a dorsal window chamber with 10 min of
irradiation (785 nm, 1.1 W/cm?).

In addition, there are some other types of gold nanostructures with NIR absorp-
tion useful for photothermal therapy. Xia et al. synthesized gold hexapods and com-
pared them with gold nanorods and nanocages [48]. They found that gold
nanohexapods exhibited the highest cellular uptake and the lowest cytotoxicity
in vitro for both the as-prepared and PEGylated samples. The PEGylated nanohexa-
pods also showed significant blood circulation and tumor accumulation after intra-
venous injection. More importantly, the nanohexapods could significantly decrease
the tumor metabolic activity following photothermal treatment after systemic
administration. Another nanostructure, gold/gold sulfide NIR-absorbing nanoparti-
cles (35-55 nm), was exploited to provide higher absorption (98 % absorption and
2 % scattering) as well as potentially better tumor penetration [139]. The ability
to ablate tumor cells in vitro and efficacy for photothermal cancer therapy is
demonstrated, and an in vivo model shows enhanced circulation and biodistribution
and significantly increased long-term, tumor-free survival after photothermal
treatment.

Though intensive effort has focused on shifting the absorbance of nanoparticles
to the first biological window (650-900 nm) region for photoinduced therapy, gold
nanostructures with plasmon absorption in the second biological window are also of
great interest. Pelaz et al. described a novel and straightforward wet-chemical syn-
thetic route to produce biocompatible single-crystalline gold nanoprisms [140],
which could effectively ablate Vero cells after 2 min of 1,064 nm NIR illumination
at 30 W/cm?, which however was a rather high power density. Recently, Min-Fong
Tsai et al. reported that a Au nanorod can be designed with a rod-in-shell (rattle-
like) structure (Fig. 2.13a) smaller than 100 nm that is tailored to be responsive to
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Fig. 2.13 (a) A schematic representation of the approach for the development of the rod-in-shell
structure. (b) LLC/LL2 lung cancer cells treated with gap 6.5 nm and gap 2 nm rod in shells were
irradiated using a 1,064 nm laser at 3 W/cm? for 5 min of exposure (fop), and LLC/LL2 lung cancer
cells treated with Au NRs and gap 2 nm rod-in-shells were irradiated using a diode 808 nm (bot-
tom). The group of “cells with laser” was performed without treatment of rod in shell and exposed
to laser. (¢) The UV-vis-NIR spectra of Au rod in shells with different gaps and Au nanorods, and
their corresponding TEM images. (d, e) Time-dependent tumor growth as a function of postirra-
diation days (Reprinted with the permission from Ref. [141]. Copyright 2013 American Chemical
Society)

the first and second NIR windows [141]. In vitro performance clearly displays high
efficacy in the NIR photothermal destruction of cancer cells, showing large cell-
damaged area beyond the laser-irradiated area (Fig. 2.13b). Then, they tailored the
plasmon resonances of the rod-in-shell structure by changing the gap distance
between the nanorod core and the Au/Ag nanoshell, to evaluate the therapeutic
effect of using a 1,064 nm diode laser (Fig. 2.13c). It was found that the mice
injected with the 2 nm gap showed effective suppression of tumor growth under
irradiation of 1,064 nm laser for 7 min (Fig. 2.13d). Furthermore, regarding the first
NIR window with the use of an 808 nm laser, the photothermal ablation of solid
tumors demonstrates that the rod in shell exhibits a more effective anticancer effi-
cacy compared to Au nanorods (Fig. 2.13e).
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2.4 Combination of Photothermal Therapy with Other
Therapeutic Approaches

Numerous preclinical and clinical studies have proved that monotherapy (e.g.,
hyperthermia, chemotherapy, radiotherapy, surgery, and some other therapeutics) is
not as effective as we expected [142, 143], due to incomplete tumor eradication,
metastasis of cancer, development of drug resistance, individual differences in can-
cer patients, and so on [144—146]. Combination therapy, which uses more than one
therapeutic approach, has shown great potential for the treatment of cancer and
some other serious diseases [143, 147]. Combination of photothermal therapy with
other therapeutic strategies based on gold nanostructures, such as photodynamic
therapy and chemotherapy, has thus received tremendous interest in recent years.

2.4.1 Combination of Photothermal Therapy
with Photodynamic Therapy

Photodynamic therapy generally falls into phototherapy, along with photothermal
therapy. Both of them are deemed as minimal invasive and effective approaches for
cancer treatment. Photodynamic therapy relies on the photosensitizer to transfer
photo energy to the surrounding oxygen molecules, generating reactive oxygen spe-
cies, such as singlet oxygen (SO), to kill tumor cells [148]. Owing to the tumor
targeting ability of appropriately designed photosensitizers or photothermal agents
based on gold nanostructures, as well as the selective light irradiation of the lesion
region, combination of photothermal therapy and photodynamic therapy exhibits
remarkably reduced side effects and improved selectivity compared with traditional
remedies.

Jang and coworkers demonstrated that AI(IIT) phthalocyanine chloride tetrasul-
fonic acid (AlPcS4)-loaded gold nanorods could contribute to a strong reduced
tumor growth effect (95 % inhibition) after combination of photothermal treatment
and photodynamic treatment upon their intravenous injection, while the tumor
growth inhibition effect was 79 % for those only receiving photodynamic therapy
[149]. In another work by Wang and coworkers, an aptamer switch probe (ASP)
linking chlorin e6 (Ce6), a photosensitizer molecule, to the surface of nanorods was
constructed [150]. In the presence of target cancer cells, the ASP changes confor-
mation to drive Ce6 away from the gold surface, thereby producing singlet oxygen
for photodynamic upon light irradiation. Combined with destruction by the photo-
thermal effect of gold nanorods, a remarkable and synergistic therapeutic effect
compared to photothermal and photodynamic alone was observed for cancer cells.

In the abovementioned studies, two different lasers are independently used to
trigger photothermal and photodynamic, separately. To simplify the treatment process,
it would be helpful to find new strategies to accomplish photothermal and photody-
namic treatment under a single laser irradiation. Chen et al. fabricated gold vesicles
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composed of Ce6-loaded plasmonic vesicular assemblies of gold nanoparticles with
strong NIR light absorbance in the NIR region of 650-850 nm [151]. Upon their
intratumoral injection, effective combined photothermal and photodynamic treat-
ment under a 671 nm laser irradiation was achieved. Furthermore, they constructed
gold nanostars-PEG-Ce6 for coordinated photothermal/photodynamic therapy upon
single CW laser irradiation both in vitro and in vivo [152]. It was demonstrated that
the difference in photostability between photosensitizers and gold nanostructures
could be used to modulate photothermal and photodynamic by adjusting irradiation
time (Fig. 2.14), and the strategy significantly improved the anticancer effect and
greatly simplified the treatment process. More recently, Kuo Chu Hwang and
coworkers developed a unique morphology of a gold nanostructure, called nanoechi-
nus (Fig. 2.15), [153] which sensitized the formation of singlet oxygen as well as
exerted in vivo photodynamic and photothermal therapeutic effects in both the first
and the second NIR biological windows for complete destruction of tumors in mice.
The gold nanoechinus exhibits exceptionally high extinction coefficients at NIR
biological window, seven to nine orders higher than conventional organic dyes and
photosensitizers and three to four orders higher than that of gold nanoparticles,
which are especially useful in deep-tissue-buried tumor treatment with a much
lower amount of nanomaterials or lower incident light intensities/irradiation time.
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Fig. 2.15 Schematic representation of the working mechanisms of NIR light-induced photothera-
peutic effects exerted by gold nanoechinus (Reproduced from Ref. [153] by permission of John
Wiley & Sons Ltd)

The LSPR of gold nanostructures could be fine-tuned to overlap with the
absorption of photodynamic dye with poor photostability and low quantum yield.
Such overlap greatly increases the singlet oxygen yield by maximizing the local
field enhancement and protecting photodynamic dye against photodegradation, thus
enhancing the efficacy of photodynamic therapy. Very recently, Li et al. designed
and validated a novel plasmon-enhanced photodynamic therapy for breast tumor by
fabricating a nanoplatform composed of mesoporous silica-coated gold nanorods
incorporating indocyanine green (ICG) [154]. The LSPR peak of the nanorod core
has been regulated to overlap with the excitation band of ICG, thus increasing the
absorption coefficient of incorporated ICG by virtue of the local enhanced field
effect. The Au NR@SiO,-ICG formulation dramatically increases the singlet oxy-
gen generation under laser excitation, relative to free ICG, and demonstrates
enhanced photodynamic destruction of human breast carcinoma MDA-MB-231.
With mild laser irradiation, the growth of orthotopic breast tumors in mice was
greatly inhibited through a synergistic effect of photodynamic and photothermal
treatment.

2.4.2 Combination of Photothermal Therapy
with Chemotherapy

Chemotherapy, one of the most commonly used cancer treatments, often causes
systemic side effects due to unspecific drug delivery to all tissues including healthy
ones. As a result, overall treatment efficacy is lowered by dose-limiting drug toxic-
ity, and safe dosages may not completely eradicate tumors. In addition, half of all
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chemotherapy patients develop drug resistance, a situation that also leads to treatment
failure [155]. Temperature rise, induced by photothermal therapy, is sufficient to
increase vascular permeability within tumors that have inefficient blood flow through
their newly formed immature blood vessels, leading to selective drug delivery and
enhanced cytotoxicity [156]. The combination of photothermal therapy and chemo-
therapy has proved to be effective on optimizing the efficacy of cancer treatment
[157]. In recent years, various gold nanostructures with suitable surface modifica-
tion have been extensively explored for the combined photothermal therapy and
chemotherapy [100].

Gold nanoparticles have found various applications in the field of nanomedicine,
which can be easily prepared in a size-controllable manner [95, 158]. You and
coworkers prepared drug-delivery vehicles that encapsulate doxorubicin (DOX)
with a pH-sensitive matrix embedded with gold nanoparticles. Such a nanostructure
exhibited a high absorption in the NIR region. After being conjugated with a target-
ing moiety (Herceptin), the obtained drug carrier could be selectively engulfed by
cancer cells, resulting in a combined therapeutic effect under the NIR laser irradia-
tion [159]. In another study, Nam et al. designed a pH-responsive gold nanoparticle-
based drug carrier, which could form aggregates in tumor regions by responding to
micro acidic environment of the tumors [160]. Highly spatiotemporally concerted
drug release and dramatically increased NIR light absorption were then observed,
contributing to an effective synergistic tumor suppression effect in mouse
xenografts.

Gold nanoshells prepared via various methods with strong NIR light absorptions
are a useful nanoplatform for photothermal combination therapy. In 2010, Lee and
coworkers fabricated an interesting half-nanoshell on the template of DOX-loaded
PEG-PLGA nanomicelle, with plasmon absorption at 790 nm [161]. Under NIR
laser irradiation upon intravenous injection, the intratumoral temperature was
increased to 50-70 °C and DOX was rapidly released. Such a combination could
result in the complete destruction of tumors without weight loss or tumor recur-
rence. Neither chemotherapy with a slightly higher dose of DOX nor the photother-
mal therapy alone without DOX could achieve the similar result. Recently, gold
nanoshells consisting of a mesoporous silica nanorattle core and a thin outer gold
nanoshell (SN@ AuNSs) have been designed and synthesized by Tang et al. [108].
The amount of docetaxel (DOC) loaded in SN@AuNSs could reach up to 52 %.
Both in vitro and in vivo results showed that the synergistic efficacy was much bet-
ter than that of chemotherapy or photothermal therapy alone. By decorating SN@
AuNSs with transferrin (SN@AuNSs-Tf), they further tested the efficacy of tar-
geted thermo-chemotherapy for breast carcinoma [10]. Under NIR laser exposure,
MCEF-7 breast tumors in mice presented complete regression with the combination
of selective targeting, photothermal therapy, and chemotherapy. It is worth noting
that both SN@AuNSs and SN@AuNSs-Tf could be excreted from the body with a
slow clearance rate via feces and urine, though the diameter of SN@AuNSs was
around 130 nm. Additionally, hollow gold nanoshells have been intensively explored
for drug delivery and photothermal ablation of tumors by Li’s group [12, 19, 52,
162, 163]. In 2012, they demonstrated that hollow nanoshells could be used for
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in vivo anticancer drug delivery, which exhibited effective synergistic tumor
suppression capability when combined with the NIR light irradiation. Further studies
indicated that hollow nanoshells, after being conjugated with a peptide targeting
EphB4 overexpressed on the membrane of multiple types of cancer cells, exhibited
an improved cellular uptake for three EphB4-positive tumors both in vitro and
in vivo. The improved tumor accumulation of peptide-conjugated hollow nanoshells
and NIR-trigged release of DOX ultimately contributed to an effective synergistic
therapeutic effect on EphB4-positive tumors.

Gold nanorods with strong NIR absorbance and suitable surface modifications
have also been widely explored for the combined photothermal and chemotherapy
of cancer. One commonly used nanoplatform is mesoporous silica-coated gold
nanorods, which have been widely studied for drug delivery and exhibit high drug
loading capacity attributed to their mesoporous silica shell. In 2012, Chen’s group
fabricated mesoporous silica-coated gold nanorods for DOX delivery, observing a
precisely NIR light-controllable drug release profile. It was demonstrated that the
DOX-loaded mesoporous silica nanorods could offer a synergistic therapeutic effect
on A549 cancer cells by utilizing a 790 nm laser irradiation [11]. In another work,
Qu’s group demonstrated that folic acid-conjugated mesoporous silica-coated gold
nanorods with PEGylation after being loaded with an anticancer drug could realize
a greatly enhanced treatment effect by combining photothermal therapy with che-
motherapy [164]. Almost at the same time, a similar treatment effect in mice was
observed, in which RGD peptide was introduced as the targeting moiety to realize a
targeted synergistic therapeutic effect in a mouse tumor model [165].

In addition to the mesoporous silica layer incorporation method, a number of
different NIR-responsive drug-delivery systems by coating gold nanoparticles with
other thermal-responsive materials such as DNA or polymers have been developed.
Among them, the most well known is based on gold nanocages, which was con-
structed by coating nanocages with thermosensitive polymers poly(/N-
isopropylacrylamide-co-acrylamide) (pNIPAAm-co-pAAm) as pore blockers [13].
As the temperature was increased above a certain threshold through NIR laser irra-
diation, the polymer coating would collapse due to a conformational change, and
the pores of the nanocages were exposed, which allowed effectors preloaded in the
interior to be released (Fig. 2.16). In 2012, Xiao and coworkers assembled DNA
duplex strands, which consisted of sequential CG base pairs providing loading sites
for DOX, onto gold nanorods [166]. Upon NIR laser illumination, DOX molecules
were released at the target site for chemotherapy. The in vivo results showed that the
DNA-based platform effectively inhibited tumor through thermo-chemotherapy
upon NIR laser irradiation after intratumoral injection. Very recently, Chen et al.
successfully coupled photothermal properties and thermoresponsive properties in a
single nanocomposite by coating nanorods with a thermoresponsive polymer shell
consisting mainly of poly(N-isopropylacrylamide-co-acrylic acid) [167]. Then,
DOX was loaded into the nanocomposite through electrostatic interactions with
high loading content up to 24 %. The activation mechanism was thus transformed
from heat to NIR laser, which can be used to control the size as well as drug
release. A synergistic efficacy of photothermal therapy and chemotherapy was
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Fig. 2.16 (a) Schematic illustration of the controlled-release system. (b) TEM images of gold
nanocages covered by a pNIPAAm-co-pAAm copolymer. The inset shows a magnified TEM
image of the corner of such a nanocage (Reprinted by permission from Macmillan Publishers Ltd:
Ref. [13], copyright 2009)

observed with complete tumor inhibiting by NIR laser irradiation-induced temperature
increase and the released drug, showing very promising potentials for cancer
treatments.

2.5 Gold Nanostructures for Diagnostics

As described above, plasmonic gold nanostructures exhibit significantly enhanced
radiative properties compared with bulk gold (i.e., light absorption, scattering, and
fluorescence). While electromagnetic field enhancement has been widely used in
SERS, absorption, and scattering endow gold nanostructures with potentials as mul-
timodal imaging agents [95]. Here we will outline several main modalities for bio-
imaging based on the intrinsic properties of gold nanostructures, including dark-field
imaging, optical coherence tomography, fluorescence imaging, photoacoustic imag-
ing, computed tomography, and SERS-based imaging.

2.5.1 Dark-Field Imaging (DFI)

Gold nanoparticles can strongly scatter light at their plasmon wavelengths, with the
scattering cross sections 10°—10° times stronger than that of the emission from a
fluorescent dye molecule [122]. Using a simple optical microscope with high-
resolution objective lens, light scattered from gold nanostructures can be detected as
bright spots even when the size is smaller than the diffraction limit of the micro-
scope. In addition, the light-scattering gold nanoparticles are indefinitely photosta-
ble and do not blink, in contrast to conventional fluorophores. These features make
gold-based nanoparticle probes very powerful for bioimaging. Sokolov et al. showed
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that when gold nanoparticles were conjugated to anti-epidermal growth factor
receptor (anti-EGFR) antibodies, they specifically bound to EGFR proteins that are
overexpressed on the surfaces of cervical cancer cells [168]. Illumination of the
nanoparticle-labeled cells with laser light from either a laser pointer or a confocal
microscope lit up the gold nanoparticles and, thus, their associated cancer cells.
Later, El-sayed et al. used dark-field optical microscopy to detect gold nanoparticle-
labeled cancer cells [169]. The key advantages of DFI are that nanoparticles are
imaged in high contrast with true color, making the technique amenable to multi-
plexed detection schemes by using gold nanoparticles of different sizes and shapes.
Furthermore, as demonstrated in 2006 by Huang et al. [46], gold nanorods scatter
strongly in the near-infrared region, capable of detecting head and neck cancer cells
under excitation at spectral wavelengths where biological tissues exhibit little atten-
uation. Currently, DFI based on gold nanostructures (spheres, rods, nanocages, and
nanoshells) is widely used for cancer imaging through functionalized nanoparticle-
receptor binding onto cell surface biomarkers [170-173].

Though highly scattering cross sections of gold nanostructures have been
exploited extensively for contrast enhancement in DFI, this diagnostic technique
has been limited to in vitro studies. Highly scattering nanostructures of sizes over
100 nm are needed in order to achieve good contrast, which is unsuitable for in vivo
blood circulation and accumulation in tumor. Alternatively, a high density of smaller
gold nanoparticles can be incubated with cells which upon agglomeration in the
cellular environment will increase the effective size and provide enhanced contrast.
However, this is also infeasible because of potential toxicity by high-density
nanoparticles and its impracticability in vivo. Gold nanostructures with extremely
high scattering cross section and small size have not yet been reported. These limi-
tations have prohibited the application of DFI in animal models.

2.5.2 Optical Coherence Tomography

Another imaging modality based on scattering properties is optical coherence
tomography (OCT). In OCT, tissue is illuminated with light of coherence, and back-
scattering light is detected based on coherence matching between the incident and
reflected beams. It can produce three-dimensional images of a subject with microm-
eter resolution. Since coherence is essential for the detection process, OCT is pre-
dominantly sensitive to scattering from tissues rather than absorption. Gold
nanostructures resonant at the OCT excitation wavelength have been used as con-
trast agents due to their ability to produce distinctive backscattered light detectable
in highly scattering tissue [174]. In 2007, Halas and coworkers used NIR resonant
nanoshells as OCT contrast agents for tumor tissues after their systematical injec-
tion [14]. As shown in Fig. 2.17, a significant increase in image contrast from tumor
tissue is observed compared with normal tissue or tumor tissue injected with PBS. In
another study, gold nanoshells were employed for deep-tissue imaging of rabbit
epidermal tissue with high spatial-temporal resolution [175]. Nanoshells enhanced
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Fig. 2.17 Representative OCT images from normal skin and muscle tissue areas of mice systemi-
cally injected with nanoshells (a) or with PBS (b) and from tumors of mice injected with nanoshells
(c) or with PBS (d) (Reprinted with the permission from Ref. [14]. Copyright 2007 American
Chemical Society)

the OCT signal of the different regions of the dermis as well as augmented the con-
trast of hair follicles and glands in OCT images of skin tissue. In terms of gold
nanorods, Oldenburg et al. reported strong OCT contrast at 2 mm depth of human
breast tissue with only 10-20 nM of nanorods [176]. OCT signal could only be
detected within a few hundred micrometer tissue depth in the control group. In the
same year, gold nanoparticles conjugated with anti-EGFR were used to enhance
OCT contrast of oral dysplasia in a hamster model in vivo [177]. By using micronee-
dles, the delivery and penetration depth of gold nanoparticles into skin tissue were
improved, and clear differences were observed in OCT images between micromor-
phologies of the carcinogen-treated and untreated epithelial tissues. As a powerful
three-dimensional diagnostic tool for real-time imaging without the need to remove
specimens, OCT has developed tremendously since its invention [178]. However,
due to intense scattering from optically dense tissue, resolutions have remained low,
and extensive applications for in vivo cancer imaging, especially deep cancer imag-
ing, merit further investigations.
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2.5.3 Two-Photon Luminescence

In comparison to confocal fluorescence microscopy, two-photon luminescence
(TPL) has emerged as a powerful tool in the past two decades for cellular imaging
and diagnostics, with the advantages of non-bleaching and stable signal, higher spa-
tial resolution, and reduced background signal [179]. Gold nanostructures present
enhanced TPL, whose efficiencies can now be improved by simply modifying the
geometry [180], making them detectable at single particle levels under femtosecond
NIR laser excitation [181, 182]. Durr et al. utilized gold nanorods for TPL imaging
of cancer cells embedded in collagen matrixs with 75 pm spatial resolution [183].
The TPL intensity enabled by nanorods was three orders of magnitude brighter than
that of two-photon autofluorescence. By using TPL, single-particle tracking of tar-
geted gold nanorods was reported to investigate the mechanisms of cellular uptake
[184]. In 2007, He et al. reported the novel detection of circulating tumor cells
in vivo using the TPL technique [185]. CTC-mimetic leukemia cells were firstly
injected into the blood stream of live mice followed by injection of folate-conjugated
gold nanorods to target the CTC in vivo. TPL imaging with an intravital flow cytom-
eter detected single-circulating cells in the vasculature of the mouse ear. Apart from
nanorods, other gold nanostructures have also been extensively exploited as TPL
contrast agents. The TPL contrast of nanostars functionalized with wheat germ
agglutinin was utilized to image their uptake in breast cancer cells as well as
nanostars circulating in the vasculature in vivo in mouse models [27]. With
nanostars, tissue vasculature was visible under 5 % transmission with minimal
background fluorescence, while it required 20 % transmission to observe the vessels
without nanostars injected. The feasibility of using nanoshells for single-particle-
based in vivo imaging has been validated by Gao et al. [186]. They developed gold
nanoshells with plasmon resonance at 800 nm and used them for in vivo blood ves-
sel imaging using two-photon excitation microscopy at an excitation wavelength of
750 nm. They successfully imaged single nanoshell particle in blood vessels and
generate optical contrast for blood vessel structure using luminescent signals.
Nanocages, nontargeted or targeted, have also been utilized for TPL imaging to
probe the dynamical processes of cellular uptake [62, 75].

In particular, due to their large multiphoton absorption capabilities, nanocages
have been demonstrated to generate three-photon luminescence (3PL) when excited
at 1,290 nm with a femtosecond laser at 4 mW [187]. 3PL exhibited the detection of
the distribution of intravenously injected nanocages in the liver of a mouse with
minimal autofluorescence from the background and negligible photothermal toxic-
ity. While 3PL contrast agents based on gold nanostructures have not been substan-
tially investigated, these initial results demonstrate the efficacy of this imaging
modality and provide a great potential in in vivo diagnostics.
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2.5.4 Photoacoustic Imaging

Optical imaging, as described previously including DFI, OCT, and TPL, provides
rich contrast in biological tissues based on their distinct chemical components.
However, the incident photons in tissue, after optical transport mean free path
(~1 mm), severely suffer from strong diffusion and thus lose optical coherence and
focusing properties. Consequently, the shallow penetration depth of optical imaging
in scattering medium fundamentally hampers their application in biomedicine.
Nonetheless, photons in tissues can be thermoelastically converted to ultrasonic
pressure waves through the photoacoustic (PA) effect, and photoacoustic tomogra-
phy (PAT) generates images by detecting these ultrasonic waves in tissues. The
principle is illustrated in Fig. 2.18 [9]. When a pulsed (or intensity-modulated) laser
beam irradiates a biological tissue, a small temperature rise AT in the tissue leads to
a pressure rise p, due to thermoelastic expansion that will produce ultrasonic waves.
This pressure is given by p, = fAT/k, where S is the thermal expansion coefficient
and « is the isothermal compressibility. Theoretically, only 1 mK temperature leap
can generate about 800 Pa pressure rise that is far beyond the noise level of a typical
ultrasonic transducer [188]. The acoustic pressure, after propagating in the tissue
and coupling medium, can be received by an ultrasonic transducer to reconstruct a
PA image. By converting the incident photon into ultrasonic emission, PAT can
break through the optical diffusion limit in biological tissue, which hybridizes both
the merits of rich optical contrast and high ultrasonic resolution, but alleviates their
shortcomings in a single modality, permitting anatomical, functional, molecular,
and genetic imaging.

Since PA effect is dependent on temperature rise in the tissues, gold nanostruc-
tures capable of photothermal heating have great potential as PAT contrast agents in
cancer diagnosis. Nearly a decade ago, gold nanostructure-mediated PAT was first
realized by gold nanoshells [189]. Three successive injections of nanoshells were
administrated to the rat through intravenous injection. The PAT image acquired
20 min after the third administration of contrast agent showed the brain vasculature
with enhanced contrast. With the exogenous contrast agent, the optical absorption
of blood was increased and the contrast between the vessels and the background
tissues was also enhanced. The differential PAT image mapped the exogenous
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Fig. 2.19 Schematic mechanism of the proposed thermal transport processed from the nanopar-
ticle to the environment and the resulting temporal profiles of the temperature (7) near the surface
and the amplitude of the photoacoustic signal (P) far from the surface of the nanoparticle for (a) a
bare nanorod, (b) a thin silica shell coating nanorod, and (¢) very thick shell coating nanorod
(Reprinted with the permission from Ref. [191]. Copyright 2011 American Chemical Society)

nanoshell distribution in the rat brain. With photothermal conversion efficiency
higher than nanoshells, gold nanorods enabled PA signal increasing on a wide vari-
ety of ovarian tumor types including 2008, HEY, and SKOV3 cell lines after their
intravenous injection [190]. In addition, silica coating of gold nanorods provides a
simple method to enhance their performance as contrast agents, producing about
threefold higher PA signals than bare nanorods [191, 192]. As shown in Fig. 2.19,
silica coating endows nanorods with reduced interfacial resistance and a sharper
profile peak and, thus, increased PA signal amplitude. However, silica at a further
larger thickness leads to a decrease in the PA signal. Therefore, silica-coated gold
nanorods are very promising as a multifunctional platform for enhanced PAT imag-
ing and photothermal therapy of cancer with good photothermal stability, as dis-
cussed in the previous section.

Gold nanocages are also excellent contrast agents for PAT, due to the large
absorption cross sections [193]. Xia’s group demonstrated PAT of cerebral cortex in
a rat brain by using nanocages as intravascular contrast agents [194]. A maximum
of 80 % PA signal enhancement in the brain cortex was observed after 4 h injection
of nanocage solution. In an animal model, sentinel lymph nodes (SLN) containing
gold nanocages were identified as deep as 33 mm below the skin surface with good
contrast [195]. Nanocage-mediated PAT may potentially eliminate the invasive axillary
staging procedures for SLN identification and imaging. In a further study, they
investigated nanocages bioconjugated with melanocyte-stimulating hormone in vivo
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for molecular PAT of melanomas, and 300 % enhancement was achieved relative to
non-conjugated nanocages [196]. Like nanocages, gold nanostars also have great
absorption-to-scattering ratio, favorable for photoacoustic imaging. Wang et al.
demonstrated that plasmon-resonant gold nanostars could be used with volumetric
spectroscopic PAT for noninvasive in vivo mapping of lymphatic systems [197].
In another study, RGD-conjugated gold nanostars targeted the tumor for tumor
angiogenesis mapping and monitoring the response of photothermal treatment
[198]. Meanwhile, other gold nanostructures with NIR absorption like nanotripods
[199] and nanovesicles [151] have also been reported as PAT contrast agents in vivo.
All these studies demonstrate the potential of gold nanostructures for contrast
enhancement of PAT, and with development of new nanostructures and molecular
targeting strategies, the spatiotemporal resolution of PAT can be improved even
further.

2.5.5 Computed Tomography

Computed tomography (CT) is one of the most commonly used noninvasive clinical
imaging modalities due to its wide availability, high efficiency, and low cost. Owing
to the high atomic number (Z=79) and k-edge value (80.7 keV), gold nanoparticles
generally provide greater contrast than widely used iodinated contrast agents. In
addition, X-ray attenuation of gold nanoparticles was not significantly reduced in
water or water containing calcium phosphate, in contrast to iodine with contrast
effect sensitive to the environment [200]. In 2006, gold nanoparticles with an aver-
age size of 1.9 nm from Nanoprobes Inc. were initially studied as X-ray contrast
agents [201]. After intravenous injection, in vivo X-ray imaging revealed detailed
anatomic structures such as tumors and blood vessels less than 100 pm in diameter.
Later, PEGylated gold nanoparticles with diameter of 30 nm were demonstrated to
show a high contrast (~2-fold) between hepatoma and normal liver tissue after their
intravenous injection into rats [202]. In other studies, gold nanoparticles prepared
within the phytochemical gum-arabic (GA) matrix were used as CT contrast agents
in pigs, which have physiological and anatomical characteristic similar to those of
humans [203, 204]. The GA-gold nanoparticles showed excellent biocompatibility,
and significant CT contrast effects were observed at the liver and spleen. The
dendrimer-entrapped gold nanoparticles with properties controlled via modification
of terminal groups of dendrimers were also successfully used for in vivo blood pool
and tumor CT imaging after intravenous injection [205]. With the larger gold
nanoparticles entrapped in the dendrimer, greater CT contrast effects could be
achieved [206]. In addition to spherical gold nanoparticles, various gold nanostruc-
tures can be used as CT contrast agents because the CT contrast effect is not affected
by the shape nanoparticles [20, 123, 131].

To acquire information on cellular and molecular processes using CT, contrast
agents with targeting ability are required. Tobi Reuveni et al. intravenously injected
anti-EGFR-conjugated gold nanoparticles (30 nm) into nude mice implanted with
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human squamous cell carcinoma head and neck cancer [207]. The results clearly
demonstrated that a small tumor, which was undetectable through anatomical CT,
was clearly visible by the molecularly targeted gold nanoparticles. It was further
shown that active tumor targeting was more efficient and specific than passive tar-
geting. In another work, gold nanoparticles were modified with glycol chitosan
(GC) polymers (GC-Au NPs), which exhibited excellent stability and tumor-
targeting ability [208]. Tumor tissue was able to be delineated from the surrounding
tissues after 2 h postinjection at high concentration (200 pL, 300 mgkg™). In par-
ticular, after 24 h postinjection, the HU value in the tumor tissue increase about
fivefold (HU=254) relative to normal tissue. Furthermore, detailed anatomical
information could be acquired from the three-dimensional reconstructed images in
which the exact shape of the tumor tissue was clearly visualized. In addition to
tumor, gold nanoparticles conjugated with anti-CD4 antibodies were used for
in vivo CT studies of peripheral lymph nodes [209]. Larger and targeted nanoparti-
cles showed the highest contrast enhancement compared to nontargeted nanoparti-
cles and smaller nanoparticles because they could deliver more gold atoms.

2.5.6 Surface-Enhanced Raman Scattering (SERS)
Based Imaging

Surface-enhanced Raman scattering (SERS) is an ultrasensitive vibrational spectro-
scopic technique to detect molecules on or near the surface of plasmonic nanostruc-
tures, greatly extending the role of standard Raman spectroscopy. Since its discovery
in the late 1970s, SERS has been applied to many analyses, especially in biochem-
istry and life sciences. Particularly, by designing novel nanoprobes named “SERS
tags,” the past decade has witnessed a plethora of clinical SERS-based studies dem-
onstrating the efficacy of gold nanostructures conjugated with Raman active mole-
cules for molecular imaging in cells and animal model [86]. Raman scattering
enhancement of vicinal molecules based on gold nanostructures is primarily attrib-
uted to two mechanisms: electromagnetic (EM) and chemical enhancement (CE).
EM arises from intense EM fields generated on surface of gold nanoparticles when
illuminated at the plasmon resonance. CE is based on dynamical charge transfer
where photoexcitation of the metal creates a hot-electron-hole pair which can transfer
into the lowest unoccupied molecular orbital of the nearby molecule. The electron
subsequently transfers back to the metal with some changed internal molecular
vibrations, which gives rise to CE [210, 211]. Together, the two primary mecha-
nisms contribute to the total enhancement. Though eminent progress has been made
on SERS-based in vitro bioanalysis [86, 212-216], SERS-based imaging in vivo
has yet to reach the status of its counterpart, fluorescence imaging, mainly due
to the expensive instrumentation and weak signal of Raman scattering. However,
compared with fluorescence imaging as a clinical diagnostic tool, SERS has many
advantages including high signal-to-noise ratio, non-photobleaching feature,



84 Y. Gaoand Y. Li

@

Targeted

1

&
8
— 427

Tumor

—=— 1362
— 1581
== 1813

1 LT | af n
AN il \/ ’v"'-'f || o M

SERS intensity (a.u.)
g
g

1000 4 Liver

LT TG L W, W

400 800 1200 1600 2000

Raman shift (cm™)

Fig. 2.20 (a) Photographs showing a laser beam focusing on the tumor site or on the anatomical
location of liver. (b) SERS spectra obtained from the tumor and the liver locations by using
targeted nanoparticles (Reprinted by permission from Macmillan Publishers Ltd: Ref. [217],
copyright 2008)

subpicomolar level sensitivity, excellent multiplexing capability, and single photo-
excitation. Owing to these advantages, SERS-based imaging in vivo has aroused
increasing attention with some remarkable achievements over the past several years.

Early in 2008, Nie’s group investigated SERS-based in vivo tumor targeting
using functionalized gold nanoparticles (GNPs) [217]. In this study, diethylthiatri-
carbocyanine (DTTC), a commercial NIR Raman reporter, was adsorbed onto the
surface of 60 nm colloidal GNPs. Then, mixed PEG was applied to conjugate
single-chain variable fragment (ScFv) antibodies, which thereby formed targeted
SERS nanoprobes. After 5 h of their injection into tumor-bearing mice, clearly dis-
tinguished signal intensities were observed on the Raman spectra from targeted
nanotags in the tumor region (Fig. 2.20), confirming successful delivery of targeted
nanotags to a specific tumor and the capability of noninvasive spectroscopic detec-
tion. This highly sensitive technique opens up a new opportunity for the detection
of targeting tumors. Then, Park et al. investigated PEGylated Cy7-taged gold
nanorods for SERS detection by a passive mechanistic pathway, indicating the clear
differentiation between the tumorigenic area and normal skin after their intravenous
injection [218]. In 2011, Young-Tae Chang et al. prepared a lipoic acid-containing
NIR-active CyNAMLA-381 as a highly sensitive NIR SERS reporter molecule and
further applied it to the preparation of ultrasensitive SERS probes for in vivo cancer
imaging by conjugating CYNAMLA-381-Au NPs to ScFv anti-HER?2 antibodies
[219]. Furthermore, Gambhir and coworkers fabricated a unique triple-modality
MR-photoacoustic-SERS imaging nanocomposite (termed MPR nanoparticles) to
accurately help delineate the margins of brain tumors in living mice both preopera-
tively and intraoperatively [220]. Specifically, Raman imaging was used for guid-
ance of intraoperative tumor resection. Cancerous foci, not visible to the naked eye,
were successfully detected after the tumor resection seems to be completed (Fig.
2.21). Later, they employed SERS probes based on gold nanorods to visualize the
margin of ovarian cancer tumors, followed by tumor debulking under guidance of
SERS imaging. These two studies highlight the extremely high sensitivity of Raman
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Fig. 2.21 Living tumor-bearing mice underwent craniotomy under general anesthesia. Quarters of
the tumor were then sequentially removed as illustrated in the photographs (a), and intraoperative
Raman imaging was performed after each resection step (b) until the entire tumor had been
removed, as assessed by visual inspection. After the gross removal of the tumor, several small foci
of Raman signal were found in the resection bed. (¢) A subsequent histological analysis of sections
from these foci showed an infiltrative pattern of the tumor in this location, forming finger-like
protrusions extending into the surrounding brain tissue. As shown in the Raman microscopy image
(right), a Raman signal was observed within these protrusions, indicating the selective presence of
MPRs. The Raman signal is shown in a linear red color scale (Reprinted by permission from
Macmillan Publishers Ltd: Ref. [220], copyright 2012)

imaging and open up a new avenue of SERS-tagged gold nanoparticles for clinical
translation. More recently, gold-silica SERS nanoparticles combined with a handheld
Raman scanner, which is easy to handle in the operating room and allows real-time
scanning, to provide SERS image-guided surgical resection of brain tumor was
demonstrated, a bigger stride into clinical translation [221].

Specially, multiplexing is the distinctive feature of SERS due to the narrow band-
widths of the vibrational Raman spectra of the reporter molecules. The recent high
demand for a sensitive and simultaneous detection of multiple targets in vivo has
made SERS technique highly favorable. Gambhir et al. demonstrated multiplexing
in vivo with ten different SERS nanotags with distinct spectral characteristics [222,
223]. A mixture of multiple SERS nanotags were administrated intravenously, and
their uptake in the liver was imaged 24 h postinjection. Clear distinguishable
spectral characteristics were observed in vivo for each individual SERS nanotag
at picomolar sensitivity. In another study, molecule-coded gold nanorods as a
platform for multiplexed NIR detection were synthesized [224]. It was found that
under a NIR excitation source, three unique Raman-coded nanorods might be
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distinguished efficiently within ~6 nm of spectral bandwidth, in contrast to ~30 nm
of semiconductor quantum dots. Highly sensitive novel NIR Raman reporters, such
as Cy7LA, Cy7.5LA, and CyYNAMLA-381, were also used to construct SERS nano-
tags for in vivo multiplexed targeted detection [225]. In addition, Homan Kang et al.
developed novel NIR SERS dots consisting of Au/Ag hollow shell assemblies on
the surface of silica nanospheres [226]. The signals were detected effectively from
deep tissue of up to 8 mm depth and three kinds of NIR SERS dots produce strong
SERS signals from deep tissues without spectral overlap after their injection into
live animal tissues, demonstrating their potential for in vivo multiplexed detection
of specific target molecules. More recently in 2014, “schizophotonic” all-in-one
gold nanoparticles were designed by integrating various SERS reporters into bio-
compatible polymeric surface coating [227]. This technique allows the synthesis of
very small (<20 nm) SERS probes, which is crucial for the design of excretable and
thus highly translatable imaging agents, and the all-in-one nanoparticles were dem-
onstrated to be capable for multiplexed lymph-node imaging.

SERS imaging has tremendous potentials to deliver accurate diagnosis from the
single cell level to subcutaneous tumors. When coupled with other imaging tech-
niques, multimodal SERS can simultaneously achieve high sensitivity and spatial
resolution. Gold nanostructures enabled SERS imaging probes from a promising
platform for combining SERS imaging with a therapeutic response to generate plas-
monic theranostic agents.

2.6 Gold Nanostructures for Imaging-Guided Therapy

To improve the treatment efficiency, combining imaging ability or introducing
imaging modalities during therapy within single nanoscale platform, namely,
imaging-guided therapy or theranostics, has been proposed. In terms of photother-
mal theranostics, the exact tumor location, size, and shape should be visualized by
imaging initially to ensure that the whole tumor is effectively exposed to the laser
during the treatment. Advanced imaging techniques would then allow real-time
monitoring of therapeutic responses to achieve optimized efficiency. Nearly a
decade ago, before the term theranostics or imaging-guided therapy was coined, the
theranostic potential of nanoshells was demonstrated with simultaneous dark-field
imaging and photothermal therapy [14, 170, 174]. This was soon followed by the
use of nanorods and other core-shell nanostructures for the imaging and therapy of
malignant cells in vitro [46, 228, 229]. The past several years have witnessed a tre-
mendous increase in theranostic agents based on gold nanostructures either by com-
bining a single imaging and therapeutic technique or by integrating dual-modality
diagnostics with multiple therapeutic functionalities.

Intrinsically, NIR resonant gold nanostructures are theranostic agents without
introducing other imaging or therapeutic modalities. As discussed in the previous
sections, gold nanoparticles like nanoshells, nanorods, and nanostars with NIR
absorption have been widely used in cancer photothermal therapy. Meanwhile,
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imaging capabilities based on these gold nanoparticles have also been demonstrated,
such as PAT and CT. For example, hollow gold nanoshells have been shown to gen-
erate intense photoacoustic signals and induce efficient photothermal treatment. Li
et al. used PAT to assess the intravenous delivery of hollow nanoshells targeted to
integrins that are overexpressed in both glioma and angiogenic blood vessels in a
mouse model of glioma [113]. Mice were then treated with NIR laser, which ele-
vated tumor temperature by 20.7 °C. It was found that photothermal therapy under
PAT guidance significantly prolonged the survival of tumor-bearing mice. Recently,
cyclic RGD peptide-conjugated plasmonic gold nanostars (RGD-GNS) were
designed to specifically target overexpressed integrin a,f; on tumor neovasculature
[198]. By using RGD-GNS, PA signal was significantly boosted for neovasculature
visualization, offering high imaging specificity and nanomolar sensitivity.
Furthermore, the high absorption-to-scattering ratio of RGD-GNS in the NIR region
allows photothermal ablation to neovessels in tumor by laser irradiation, whose
therapeutic effect can be noninvasively monitored by PAT. Thus, combining PAT
with RGD-GNS makes it possible to image and inhibit tumor angiogenesis and
monitor the tumor response in one “on-spot” theranostic platform.

Though gold nanostructures with NIR absorption are greatly promising as ther-
anostic agents, introducing other imaging and therapeutic modalities is nevertheless
necessary because of intrinsic drawbacks of these optical imaging methods and
single photothermal treatment, as described in Sect. 2.4. Ballistic imaging methods
such as OCT, TPL, and SERS suffer from shallow penetration and low spatial reso-
lution, undermining their application in in vivo diagnosis, while for clinical CT,
radiation risk is rather a serious concern. As a hybrid imaging modality, PAT man-
ages to break through the optical diffusion limit in biological tissue, but its imaging
sensitivity is mainly hampered by surrounding thermal noise and acoustic inherence
of the medium itself in the form of black body. Thus, integrating other imaging and
therapeutic modalities with advantages compensating for the existing weak points
can provide comprehensive information and enable more accurate cancer imaging.
In the clinic, magnetic resonance imaging (MRI) is one of the most powerful and
noninvasive diagnostic techniques based on the interaction of protons with the sur-
rounding molecules of tissues. MRI can offer high spatial resolution and the capac-
ity to simultaneously obtain physiological and anatomical information. By
combining MRI and the above imaging modalities, it is possible to obtain multiple
imaging data using the advantages of both methods. Together with therapeutic
approaches, gold nanostructures are supposed to find wide applications in imaging-
guided therapy.

Recently, Halas group synthesized theranostic nanoshells by encapsulating them
in a thin silica epilayer doped with Fe;O, nanoparticles and ICG molecules and
targeted HER-2 receptors in breast cancer cells via antibodies [109, 230, 231]. In
this design, nanoshells enabled enhancement of ICG quantum yield from ~1 % to
nearly ~85 %, and simultaneously, the porous silica layer enabled rapid water diffu-
sion enhancing the MRI relaxivity of the Fe;O, nanoparticles. These theranostic
nanoshells provided dual modal MRI and NIR fluorescence imaging capabilities in
breast cancer cells in vitro and simultaneous photothermal therapy when excited
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with a 200 mW NIR laser overlapping the nanoshell plasmon resonance. The effi-
cacy was also extended in vivo to mouse modals with breast cancer xenografts.
Nanoshells were administrated intravenously, and the animals were imaged between
4 and 72 h postinjection. MRI and fluorescence imaging in vivo revealed that the
maximum nanoshell accumulation in tumors occurs within 4 h of injection, and
within 72 h, nanoshells clear from the tumors to the liver. By using gold-shelled iron
oxide nanoclusters, Liu et al. designed a multimodal imaging-guided, magnetic
targeting-enhanced photothermal ablation cancer treatment strategy [232]. Such
nanocomposites after intravenous injection could be effectively attracted to the
tumor, nearby which an external magnetic field was applied. Under the guidance of
MRI and PAT, photothermal ablation with excellent therapeutic outcomes (100 % of
tumor elimination after NIR laser treatment) was achieved in our animal experi-
ments. In another study, ultrasmall superparamagnetic Fe;O, nanoparticles were
adsorbed on the surface of NaYF4-based upconversion nanoparticles, on top of
which thin gold shells were formed by seed-mediated reduction growth [233]. The
multifunctional nanoparticles were successfully used for in vivo MR and upconver-
sion luminescence imaging-guided and magnetically targeted photothermal therapy.
Very recently, West et al. tethered gadolinium to NIR resonant nanoshells, impart-
ing high r; relaxivity [234]. MRI- and CT-based modalities with gadolinium-
nanoshell enhancement could be used to initially identify suspicious lesions within
tissue. Afterwards, optical imaging including OCT and TPL with low-power NIR
light could then be performed within appropriate fields of view to obtain molecular
information regarding disease state. Finally, under the guidance of the multimodal
imaging, NIR laser could be applied site specifically to locally ablate tumor. This
class of core-shell nanoparticles is expected to be an attractive theranostic agent for
imaging-guided tumor ablation.

Apart from nanoshells, nanorod-mediated theranostics have also rapidly
increased within the past few years. Recently, Chen et al. designed theranostic
nanorods coated by a mesoporous silica layer loaded with DOX for simultaneous
TPL imaging with dual chemo-photothermal therapy in human lung cancer cells
[11]. Maximum DOX release was observed with NIR laser treatment at a low pH
(4.5) and solution temperature of 48 °C. A cell viability assay clearly indicated that
enhanced therapeutic capability was achieved with dual treatment mechanisms
rather than hyperthermia or chemotherapy. In another work, He’s group developed
silica-coated gold nanorods with an additional layer of PEG and loaded the two lay-
ers with 3,3’-diethylthiatricarbocyanine iodide (DTTC) and protoporphyrin IX
(PpIX), a photosensitizer molecule [235]. The multifunctional nanorods success-
fully demonstrated diagnosis via SERS and fluorescence imaging in vivo in mice-
bearing Hela tumors and treatment via photodynamic treatment mediated by
PpIX. In 2011, Cui et al. synthesized folic acid-conjugated silica-modified gold
nanorods with highly selective targeting, enhanced radiation therapy effects and
excellent photothermal treatment effects on the gastric cancer cells, and strong
X-ray attenuation for in vivo X-ray/CT imaging. The nanoprobe is claimed to be a
promising candidate with excellent imaging and targeting ability for X-ray/CT
imaging-guided targeting dual-mode-enhanced radiation and photothermal therapy.
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2.7 Concluding Remarks

Because of their unique features and great potential for a variety of biomedical
applications, gold nanostructures represent a major achievement in nanotechnology.
The synergy of ideal chemical, physical, and optical properties in a single particle is
a resounding affirmation of the promise of nanotechnology in general.

Gold nanostructures have opened new frontiers in medicine. As they are biocom-
patible, optically tunable, and bind to antibodies, nanogold have a great potential as
agents for photothermal cancer therapy, as confirmed by their success in multiple
animal studies. Clinical trials, spearheaded by gold nanoshells and currently under
way, will most likely establish their efficacy for the treatment of human forms of
cancer. Gold nanoparticles are also highly suitable for in vivo imaging studies based
on their intrinsic optical and physical properties or through introducing other imag-
ing modalities, with the added benefit of serving as agents for cancer therapy.
Likewise, because they accumulate within tumors due to passive and active mecha-
nisms, they hold great promise for revolutionizing cancer detection and therapy.

However, there are several problems, which are yet to be investigated. One of the
most important issues is the potential long-term safety concerns of the gold nanopar-
ticles since they are not biodegradable and would retain inside the body for long
periods after administration. Another major challenge both in phototherapy and
optical imaging is the limited light (even NIR light) penetration depth of no deeper
than 1 cm, a great obstacle for tumors located deeply inside the body. Other basic
mechanism questions like the response of immune system to photothermal treat-
ment and tumor residues after photothermal ablation merit further investigation. It
is hoped that, in the near future, these problems will be addressed and the novel
properties of gold nanostructures will continue to be exploited in a growing number
of applications. Clearly, it will be very exciting to see many existing applications
make the successful transition from the laboratory bench to the clinic.
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Chapter 3
Gold Nanorods for Biomedical Imaging
and Therapy in Cancer

Zhenzhi Shi, Yu Xu, and Aiguo Wu

Abstract Gold nanorods (AuNRs) are an important type of noble metal nanopar-
ticles with some superior performances, such as easy synthesis, easy modification,
excellent biocompatibility, tunable surface plasmon effect, and photothermal and
photodynamic effects. They have been proved to be promising in a wide range of
biomedical applications such as biomedical imaging, photothermal therapy, photo-
dynamic therapy, and drug or gene delivery. Because the longitudinally localized
surface plasmon resonance absorption of AuNRs can be easily adjusted to the range
of near-infrared (NIR) light which can penetrate deeply into human tissues with
minimal invasion, AuNRs as great nanocarriers and imaging agents reveal a great
application prospect for photoacoustic tomography, photothermal therapy, or NIR
light-mediated theranostic platform. Herein, we begin this chapter of AuNRs by
summarizing their synthesis methods, surface modification, and functionalization,
then we describe their optical properties. Besides, we focus on the recent progress
in diagnostic, therapeutic, and theranostic applications of AuNRs in cancer.

Keywords Gold nanorods * Theranostics ¢ Cancer therapy * Biomedical imaging ®
Photothermal therapy * Photodynamic therapy * Photoacoustic imaging

3.1 Introduction

In 1957, physicist Richard Feynman at an American Physical Society meeting gave
a famous lecture “There’s Plenty of Room at the Bottom” which is considered to be
a seminal event in the history of nanotechnology. Nowadays, nanotechnology is
becoming more and more popular. With its rapid development in recent decades,
nanotechnology has been integrated into various disciplines and fields, including
nanomedicine. Nanomaterials as an important part of nanotechnology have been
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extensively developed. In this chapter, we only focus on the gold-based nanomateri-
als (gold nanorods) and their applications in biomedicine, which have perhaps
attracted the most attention among all noble metal nanoparticles.

Chinese people are full of wisdom. In the classical Chinese epic novel Journey to
the West, Golden-Bound Cudgel of Monkey King as a “macroscopic magic weapon”
had been created to fight demons, which could change its size and length [1].
However, if ancient Chinese people added the localized surface plasmon resonance
(LSPR) effect and color-changed effect to the Golden-Bound Cudgel, the weapon of
Monkey King would become much more magic and powerful. Today, Golden-
Bound Cudgel comes true. Scientists in the field of nanotechnology have developed
the realistic method to make gold rods at nanoscale which have been proven to be a
“microscopic magic weapon’ to image the lesion location and fight human diseases.
Due to their remarkable capacity to absorb near-infrared region light, enhance
Rayleigh scattering, and convert the light into heat, AuNRs are of great interest for
biomedical imaging and disease therapy. For gold nanospheres, the surface plasmon
resonance (SPR) absorption peak is at ~520 nm, which shows red color [2]. Because
the SPR absorption peak of gold nanospheres does not fit for bio-optical imaging
and light propagation in biological tissue due to the large absorption of biological
tissue and water, gold nanospheres are still not widely used in the field of biomedi-
cal imaging and disease therapy. AuNRs with their anisotropic shapes exhibit two
distinct SPR bands, a weak transverse SPR peak at ~510 nm, similar to that of gold
nanospheres, and an intense longitudinal SPR band (with larger extinction coeffi-
cients and higher photothermal conversion efficiency) which can be tuned from
visible to near-infrared (NIR, 650-1400 nm) regions by increasing their aspect
ratios, shown in Fig. 3.1. The intense longitudinal SPR band becomes the key factor
for biomedical applications, as NIR light specifically at 650-950 nm only has mini-
mal light absorption of water and tissue, leading to minimal tissue invasion and
deeper light penetration depth. The interaction between electromagnetic radiation
and AuNRs produces local electromagnetic field enhancement at the surface of
AuNRs, resulting in some special features, such as the surface plasmon resonance
(SPR) absorption, surface-enhanced Raman scattering, surface-enhanced fluores-
cence, photothermal conversion, and light emission [3]. These features quickly
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Fig. 3.1 UV-vis-NIR extinction spectra and TEM images of gold nanorods determined by their
different aspect ratios
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make AuNRs become a hot platform in the fields of in vitro diagnostics and prog-
nostics, in vivo molecular imaging, molecular therapeutics, image-guided therapy,
biosensors, DNA/RNA/drug carriers, or other areas to realize theranostics for opti-
mizing accuracy, efficacy, and safety of therapeutic regimes [1, 4, 5].

In this chapter, we will discuss the synthesis methods, surface modification,
functionalization, and optical properties of AuNRs. And then, we will describe
recent progress in diagnostic, therapeutic, and theranostic applications of AuNRs
for accurate, efficient, and safe therapy.

3.2 Gold Nanorod Synthesis

The synthesis of spherical gold colloids has a long history which can date back to
the Roman Empire and early Chinese dynasties [3, 6—12]. However, it is only within
the past two decades that chemists gained a controlled and reproducible way to
synthesize anisotropic metals, such as AuNRs [3, 6-12]. Until now, scientists have
created a variety process for the preparation of AuNRs. There are “hard-template”
synthesis method [13], photochemical synthesis method [14], electrochemical syn-
thesis [15], seed-mediated growth method [9, 16—19], microwave synthesis method
[20], seedless growth technique [21-23], etc. Over the past decade, the seed-
mediated growth approaches have become the most popular method for the synthe-
sis of AuNRs due to their convenience, high quality and yield of nanorods, easy
control of particle size and shape, and flexibility for structural modifications. Now,
this effective seeded growth method enables researchers to easily synthesize a wide
variety of AuNRs applicable for different areas. However, the development and
maturation of this method is still experiencing some difficulties.

The basic principle of the seed growth method is adding a certain amount of the
gold seeds into the growth liquid under the action of surfactant. The growth orienta-
tion of the seed crystal becomes a constant aspect ratio of AuNRs. In 2001, a three-
step non-silver-assisted seeded growth approach was introduced by C. Murphy’s
group (Fig. 3.2) [17]. Firstly, 3.5 nm citrate-stabilized gold seeds were synthesized
by using NaBH4, HAuCl4, and sodium citrate. Secondly, the previous synthesized
gold seeds were added to a growth solution containing HAuCl4, CTAB, and ascor-
bic acid. After a short time, a certain amount of growth solution was added to a new
growth solution. This procedure was repeated three times. Finally, this three-step
seeded growth approach obtained penta-twinned AuNRs with long aspect ratios
between 6 and 20 in low yield (only about 4 %) [17]. Later, the problem of low rod
yield was solved by making minor adjustments of the pH condition (from 2.8 to 3.5)
to improve the rod yield to near 90 % [16]. This approach remains the preferred one
to synthesize AuNRs with aspect ratios of more than 10.

In 2003, M. El-Sayed’s group developed a silver-assisted one-step AuNR seeded
growth approach, which obtains a higher rod yield of single-crystalline AuNRs with
short aspect ratios between 2 and 5 (Fig. 3.2) [18]. The approach contains two main
improvements. One was that the new seeded growth procedure utilized smaller



106 Z. Shi et al.

Year Seed Growth Solution ~ AuNR Properties/Structure Notes
\ - ™ = -
HAuCI,, CTAB, &*_,'_N . . :‘;: éozdoy:eld (by shape)
2001 (O] Ascorbic Acid 7! N Dimensions: T
./ ~a00x25nm *  Penta-twinned crystals
3.5nm ~ \
Citrate AuNP
“ . * 95% rod yield (by shape)
¢ * 15% rod yield (total gold)
1 H lg, CTA .
2003 Eos A::g» CIAB, N 0 Dimensions:  » AR 1.5-5.0
15 ’ N s P
CTAB:umNP Ascorbic Acid - 6oxizom -« single crystals
. + Undeterminedyield
7 HAuCl,, CTAB, . ) : _ * AR 1.5-5.0
2005 No Seed AgNO,, 2-- ?;'SE";“’"": * Single crystals
BH, addition Ascorbic Acid 7. sl

Fig. 3.2 Three primary seeded growth synthesis methods for gold nanorods (Reprinted with the
permission from ref. [9]. Copyright 2013 American Chemical Society)

single-crystalline gold seeds (1.5 nm) stabilized by CTAB, instead of citrate-
stabilized polycrystalline gold seeds. The other was that a small amount of silver
nitrate was added to the growth solution to control the aspect ratios of AuNRs.
These improvements simplified the synthetic procedure and greatly increased the
rod yield. However, the effect and precise location of silver is still a matter of some
controversy, and the overall yield of the synthesis is relatively low compared to the
total amount of gold ions used in the synthesis (near 15 %) [24-26]. The precise
aspect ratio control and the ease of use of the silver-assisted one-step seeded growth
synthesis have become the standard methods for the synthesis of AuNRs with short
aspect ratios. Following this silver-assisted one-step seeded growth synthesis
method which has become the most popular synthetic route, the interest of AuNRs
has skyrocketed since 2003. Until now, more than 6500 research articles about
AuNRs have been published [27].

In 2005, this synthetic approach was modified using a one-step non-seeding
aqueous surfactant-based colloidal chemical method to synthesize anisotropic noble
metal nanoparticles (AuNRs) on the milligram to multigram scale. In this non-
seeding synthesis method, two kinds of strong and weak reducing agents are intro-
duced into the growth medium at the same time. Strong reducing agent (NaBH4)
leads to nucleation. Weak reducing agent (ascorbic acid) helps the particles grow
up. Fine control of the nucleation-growth kinetics and growth rate at the stage of
nanorod growth is the key to producing high-quality and high-yield anisotropic
nanoparticles [21]. This “seedless” silver-assisted AuNR growth provided single-
crystalline AuNRs with aspect ratios between 1.5 and 5, and the dimensions of
AuNRs are smaller than those of the traditional silver-assisted seeded growth
approach. These small AuNRs have less scattering than big ones which can trans-
port through biological systems more easily.

Over the past decade, a number of additional modifications have been made to
the seeded synthesis approach and the seedless synthesis approach to improve the
yield, dimension, reproducibility, and aspect ratio control. The size and the concen-
tration of the seeds influence the growth of AuNRs. In the non-silver-assisted seeded
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growth approach, large seeds resulted in the decline of aspect ratio of AuNRs [28].
The aging time influenced the size of seeds and further affected the rod yield. The
growth of the seeds aged for 2 h (about 3.5 nm) obtained 90 % yield of AuNRs.
With increasing the aging time and seed size, the irregular-shape rod appeared and
the rod yield decreased [29]. The proposed mechanism explains the symmetry
breaking results in producing anisotropic nanoparticle as the final product. The size
of seeds is an important factor for the symmetry breaking. Starting with a 1.5 nm
seed, the symmetry breaking can occur at the 1-3 nm range, which leads to pre-
dominately one-dimensional growth and then growth in two dimensions (nanosheets)
or three dimensions (spheroids) in the later stages. Using 3.5 nm seeds, the sym-
metry breaking starts at arange above 3.5 nm and leads to inefficient one-dimensional
and two-dimensional growth to produce spheroids (10-30 nm short axis and
15-100 nm length). If the seed size is greater than 5 nm, the nanoparticles grow
mainly in symmetric nanoparticles or fractals, as the template mechanism does not
work [21]. The concentration of seeds in the non-silver-assisted or silver-assisted
seeded growth approach shows different effects in the change of aspect ratios. In the
non-silver-assisted seeded growth approach, an increase of seed concentration leads
to a blueshift of LSPR peak. However, in the silver-assisted seeded growth approach,
the LSPR peak is redshifted [19, 30].

In addition, the purity of CTAB is also an important factor. Part-per-million
impurities in CTAB were either preventing or facilitating the growth of AuNRs,
which affected the reproducibility from lab to lab [31, 32].

Improving the performance of AuNR syntheses will ultimately require in-depth
knowledge of the mechanisms of the growth of AuNRs, which has remained a chal-
lenge for clear mechanism [9]. In 2012, M. Cortie’s group studied the early stages
of the growth of AuNRs and proposed a new growth mechanism (“popcorn”-like
mechanism of growth), using a combination of techniques including the low-
temperature TEM, the monitoring of the growth process, and theoretical simulation
[33]. Through the experiments, they found that at different stages of AuNR growth,
the growth of the seeds could be seen, that is, the dormant gold seeds could quickly
grow as AuNRs at different stages just like “popcorn,” shown in Fig. 3.3 [33].

)0 &% o .

Al  AuBf,  AuBr Br

Fig. 3.3 Disproportionation of AuBr2 according to the reaction leading to growth of the particle
“popcorn”-like mechanism of growth through disproportionation reaction (Reprinted with the per-
mission from ref. [33]. Copyright 2012 American Chemical Society)
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Fig. 3.4 The five main stages of the growth of CTAB-coated AuNRs from different crystal struc-
ture seed upon the formation of a surfactant bilayer on different crystal facets due to a fine balance
between kinetic and thermodynamic factors. The scale bar in the TEM image is 100 nm (Reprinted
with the permission from ref. [34]. Copyright 2013 American Chemical Society)

In 2013, R. Vaia’s group used thiolated-polystyrene microspheres through
ligand exchange and solvent transfer to capture AuNRs in different growth periods,
showing the evolution of the entire AuNRs and proposing the five key stages of
growth in Fig. 3.4. In the first stage, the seed crystal formed about 6 nm gold par-
ticles through fast isotropic growth. Then, the seed crystal rapidly grew to one
dimension as the anisotropic growth manner, forming elongated round-cylindrical
AuNRs during the second stage. In the third stage, the length of the rod growth
gradually slowed down, and the diameter growth gradually accelerated. The both
ends of AuNRs grew faster than the middle part of them to obtain the dumbbell-
shaped AuNRs. The fourth stage was that the end and side face of AuNRs flattened
with the reconstruction of the surface crystal of dumbbell-shaped AuNRs. The fifth
stage was the relaxation of the surface structure, eventually forming eight prism
AuNRs [34].

In 2014, Nuria Lépez’s group studied the formation of AuNRs with the density
functional theory simulations, providing an atomistic description of the role of
different compounds in the synthesis of AuNRs, shown in Fig. 3.5. Results have
shown that the anisotropy is caused by the formation of a complex consisting of the
surfactant, bromine, and silver that preferentially adsorbs on some facets of the
seeds to prevent its further growth. Nanorod structure is driven by the adsorbed
surfactant to induce the {520} lateral facets [35].

In order to get a larger optical tunable range, higher yield, and better uniformity,
the researchers proposed some improved synthesis methods on the basis of seed
growth method. In 2012, an improved synthesis method of colloidal AuNRs using
aromatic additives was reported by C. Murray’s group [36]. This method reduced
the concentration of CTAB to ~0.05 M as opposed to 0.1 M in well-established
protocols and optimized the synthesis for each of the 11 aromatic additives used,
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Fig. 3.5 The growth mechanism with the adsorption of a complex between the surfactant, bro-
mine, and silver (Reprinted with the permission from ref. [35]. Copyright 2014 American Chemical
Society)

CTAB (0.05M) + aromatic additives
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Fig. 3.6 An improved synthesis of colloidal AuNRs by using aromatic additives and CTAB
(Reprinted with the permission from ref. [36]. Copyright 2012 American Chemical Society)

generating a rich array of monodisperse AuNRs of high rod yield with LSPR tun-
able from 627 to 1246 nm (Fig. 3.6).

In 2013, C. Murray’s group used a binary surfactant mixture composed of CTAB
and sodium oleate (NaOL) to improve synthesis of colloidal gold nanorods (NRs).
Both thin and thick AuNRs with exceptional monodispersity and broadly tunable
LSPR can be synthesized at reduced CTAB concentrations (as low as 0.037 M).
This binary surfactant system overcomes the difficulty of growing uniform thick-
ness and greatly expands the dimensions of AuNRs [37]. Soon after, they



110 Z. Shietal.

CTAB (0.037M)

+ 0

SOd“Jm Oleate \/\/\/\/=\/\/\/\)LO" Na*

|
1

147 nm x 30 nm 172 nm x 49 nm 114 nm x 70 nm

Cnh TA-CI (n=12, 14, 16, 18) + Na-oleate

Fig. 3.7 A binary surfactant system (CTAB-NaOL and CTAC-NaOL) for the synthesis of AuNRs
(Reprinted with the permission from ref. [37, 38]. Copyright 2013 American Chemical Society)

demonstrated for the first time that monodisperse AuNRs with broadly tunable
dimensions and LSPR can be synthesized using a bromide-free surfactant mixture
composed of CTAC and sodium oleate. It demonstrated that neither bromide as the
surfactant counterion nor a high concentration of bromide ions in the growth solu-
tion was essential for AuNR formation [38] (Fig. 3.7).

In 2012, E. Zubarev’s group successfully used hydroquinone as a reducing
agent to synthesize broadly tunable LSPR of AuNRs from 770 to 1230 nm, over-
coming the sensitivity problem of nanorod synthesis to the amount of ascorbic
acid. The efficiency of chloroauric acid to synthesize AuNRs was nearly 100 %,
in Fig. 3.8 [39].
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Fig. 3.8 Hydroquinone as a reducing agent for 100 % efficiency to synthesize AuNRs (Reprinted
with the permission from ref. [39]. Copyright 2013 American Chemical Society)

About the development of seedless growth method, there were some improve-
ments. M. El-Sayed’s group developed a one-pot seedless synthetic technique to
prepare relatively small monodisperse AuNRs. With the control of the pH, NaBH4,
and silver concentrations, smaller and different aspect ratio of AuNRs were pro-
duced by adjusting the CTAB concentration in the growth solution [23]. Recently,
Liang et al. developed a seedless method for the synthesis of high aspect ratio
AuNRs with an LSPR peak of larger than 1400 nm in one step. The yield of this
method was high with a broader size tunability and better reproducibility [22].

Secondary growth method is the process of the secondary control of AuNRs’
shape and size, wherein continuous addition of growth solution or other reagents to
single crystalline AuNRs, synthesized via common seed-mediated growth. Xiang
et al. successfully obtained thermodynamically more stable morphologies (arrow-
headed AuNRs and gold nano-octahedra) with a high quality and yield using sec-
ondary growth procedure by switching the growth of the high-energy {110} facet
[40] (Fig. 3.9).

In 2013, J. Tracy’s group proposed a large-scale synthesis method of AuNRs
through continuous secondary growth to control the aspect ratio and size of AuNRs.
In this method, the ascorbic acid (AA) was continuously added to a stirred solution
of CTAB-coated AuNRs, which deposited the remaining (~70 %) of the Au
precursor onto the AuNRs. Stirring made it possible to synthesize high yield of rod-
shaped nanoparticles. Stirring coupled with continuous addition of AA to previ-
ously prepared AuNRs (the LSPR is ~820 nm) could tune the LSPR of AuNRs
between ~700 and 880 nm during secondary growth by adjusting the rate of AA
addition or adding benzyldimethylhexadecylammonium chloride hydrate (BDAC)
[41] (Fig. 3.10).

Overall, the above synthesis methods are all contributed to improving the rod
yield and uniformity, also to tuning the size, shape, LSPR, and aspect ratio pre-
cisely. All these are the important prerequisites for AuNRs to better playing their
roles in biomedical applications.
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Fig. 3.9 Secondary growth for arrow-headed AuNRs and gold nano-octahedra (Reprinted with
the permission from ref. [40]. Copyright 2008 American Chemical Society)
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Fig. 3.10 A large-scale synthesis method of AuNRs through continuous secondary growth
(Reprinted with the permission from ref. [41]. Copyright 2013 American Chemical Society)

3.3 Surface Modification and Functionalization

Low toxicity, functionality, and stability of AuNRs are essential to their biomedical
applications. Seed-mediated synthesis of AuNRs generally uses cetyl trimethyl
ammonium bromide (CTAB) as the surfactant. Thus, the surface of AuNRs is coated
with the structure-directing surfactant of CTAB which makes the surface of AuNRs
positively charged and thus prevents their aggregation in certain aqueous media via
electrostatic repulsion. Due to the presence of high concentrations of salts and buf-
fers in biological systems, the bilayer of CTAB on the surface can easily detach
from the AuNRs to reduce the zeta potential of AuNRs, leading to aggregation of
AuNRs. In addition, as CTAB with strong cytotoxicity can degrade the biofilm and
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Fig. 3.11 Four most widely used methods for surface modification and functionalization of
AuNRs

peptides, it has great challenge for the use of biological applications. Therefore,
applying the chemical or physical modification and functionalization to change the
surface properties of AuNRs and increase the stability, biocompatibility, and desir-
able functionalities such as specific targeting, additional imaging modalities, and
incorporation of an outer layer for drug delivery will significantly improve the per-
formance of AuNRs in biological applications [1] (Fig. 3.11).

There are four most widely used methods for surface modification and function-
alization of AuNRs. Due to the strong affinity between thiol and Au, the surface
modification of AuNRs covalently modified by thiolated compounds via unstable
CTAB displacement with thiolated species, such as thiol-terminated polyethylene
glycol (PEG-SH), thiol-terminated peptide, thiol-terminated oligonucleotide, etc.,
is conducive to enhance the stability and functionalization of AuNRs [5, 42, 43].
The displacement of CTAB reduces the cytotoxicity and is relatively simple, just
requiring a few hours incubation of AuNRs with an excessive amount of thiolated
species under stirring, such as PEG-SH [44, 45]. As a common strategy for prepar-
ing biocompatible nanomaterials, the coating of PEG helps prevent particle
aggregation and nonspecific protein adsorption from having longer circulation time
in bloodstream for greater accumulation in tumors. For active targeting function,
targeting ligands such as RGD peptide [46], folic acids (FA), and deltorphin [47]
can be conjugated at the end of PEG-SH for specific interaction with cells to mini-
mize nonspecific cellular uptake which may cause adverse effects to healthy cells.
This is a good way to realize the safe and efficient therapy. Some other thiolated
species have also been used for surface modification and functionalization of
AuNRs, such as thiolated DNA for gene therapy [48], thiolated peptides to build
AuNR-AIPcS4 complexes for near-infrared fluorescence imaging, photothermal
therapy, and photodynamic therapy [49] (Fig. 3.12).

Electrostatic adsorption or layer-by-layer polyelectrolyte self-assembly method
is another widely used method for surface modification of AuNRs [50-52].
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Fig. 3.12 Schematic representation of surface modification of CTAB-capped AuNRs with poly-
thiol PEG-based copolymer with good stabilities in high saline condition and wide pH range for
biomedical application (Reprinted with the permission from ref. [43]. Copyright 2014 American
Chemical Society)

C. Murphy’s group has shown lots of work [50, 53, 54]. Electrostatic adsorption
between anionic and cationic polyelectrolytes makes this method very straightfor-
ward. In this method, negatively charged polystyrene sulfonate (PSS) is often used
as a mild absorbent to coat CTAB. Then, cationic polyelectrolytes such as
poly(diallyldimethylammonium chloride) (PDDAC or PDADMAC) or
polyethyleneimine (PEI) will be absorbed on the surface of PSS-coated AuNRs to
change the surface charge. This process can be repeated many times to obtain sev-
eral layers [50]. This method allows for attachment of drugs, genes, antibodies,
proteins, or other targeting molecules to realize multifunctional applications. In
addition, surface charges also have a significant effect on cellular uptake and biodis-
tribution. PDDAC-coated AuNRs exhibit negligible cytotoxicity and a much greater
ability to be internalized by the cells than CTAB-coated AuNRs and PSS-coated
AuNRs [55] (Figs. 3.13 and 3.14).

Ligand exchange method is another effective method for the surface modifica-
tion of AuNRs. In this method, AuNRs replaced the CTAB bilayer on the surface
with more stable and more biocompatible amphiphilic molecules such as phospho-
lipids (POPC, Phosphatidylserne) or cationic transfection reagent (Oligofectamine,
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Fig. 3.13 Layer-by-layer polyelectrolyte self-assembly method for surface modification of
AuNRs (Reprinted with the permission from ref. [50]. Copyright 2005 American Chemical
Society)
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Fig. 3.14 Ligand exchange method for surface modification of AuNRs to enhance the stability
(Reprinted with the permission from ref. [58]. Copyright 2012 American Chemical Society)
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100 nm

Fig. 3.15 Mesoporous silica-coated AuNRs with different thickness (Reprinted with the permis-
sion from ref. [60]. Copyright 2008 American Chemical Society)

Sc29528, Lipofectamine2000) to enhance the stability and biocompatibility [56—
58]. Another strategy to improve the material stability is the coating of a layer of
inorganic materials, such as Fe;O4, TiO,, and SiO,. The most commonly used
method is the coating of silica layer around AuNRs to form dense silica [59], meso-
porous silica [60], or hollow mesoporous silica [61]. In 2008, Gorelikov et al.
reported a general and single-step synthesis method to coat CTAB-coated AuNRs
with a thin layer of mesoporous silica, shown in Fig. 3.15 [60]. The CTAB molecules
on the surface of AuNRs functioned as the template for the three-dimensional
polymerization of tetraethyl orthosilicate and thus help to form the mesoporous
silica layer. It is well known that mesoporous silica-coated AuNRs are ideal multi-
functional drug carriers with high surface area, large pore volume, excellent bio-
compatibility, and good chemical and thermal stability to solve the CTAB toxicity
and dispersion issues of AuNRs [62, 63]. Hollow mesoporous silica can further
improve the drug-carrying ability [61]. Until now, lots of applications of silica-
coated AuNRs in imaging [59], photothermal therapy [64], photodynamic therapy
[65], drug delivery [61], and multifunctional theranostic platform [63] have been
reported, respectively, by different groups.

3.4 Properties

The main optical properties of AuNRs are closely related to their localized surface
plasmon resonance (LSPR) effect, such as surface plasmon absorption and scatter-
ing, surface-enhanced Raman scattering properties (SERS), fluorescence effect,
photothermal effect, and photosensitizing effect.
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3.4.1 Localized Surface Plasmon Resonance Effect

Localized surface plasmon resonance (LSPR) is a collective excitation mode which
is collective electron charge oscillations in metallic nanoparticles that are excited by
light. When the frequency of the electromagnetic wave and the whole vibration
frequency of metallic material are consistent, resonance enhancement effect occurs.
For gold nanospheres, the surface plasmon resonance (SPR) absorption peak is at
~520 nm, which shows red color [2]. For anisotropic AuNRs, there are two horizon-
tal and vertical SPR bands. One is the collective movement of the free electron
along the long axis of nanorods, generally referred as longitudinal SPR band. The
other one shows the collective movement of the free electron along the short axis of
nanorods, generally referred as transverse SPR band. Longitudinal SPR band is
closely related to the aspect ratio of AuNRs, which has strong oscillator strength
and forms a characteristic absorption peak of AuNRs. By adjusting the aspect ratio
of AuNRs, longitudinal SPR absorption peak can change from the visible region to
the near-infrared region. Transverse SPR absorption peak is not related to the aspect
ratio of AuNRs with a relatively fixed position (about 510 nm). The oscillator
strength is not strong [24, 66] (Fig. 3.16).

When the light is applied to the gold nanoparticles, the light corresponding to the
plasmon oscillation frequency will generate surface plasmon absorption (SPRA)
and scattering (SPRS). The sum of them is called as extinction. Gans modified Mie
theory is generally used to calculate the surface plasmon absorption and scattering
of anisotropy AuNRs [67, 68]. SPRA effect can lead to many properties, such as
photoacoustic effect and photothermal effect. The photoacoustic effect is, in
essence, the formation of sound waves following light absorption in a material sam-
ple, which can be used for ultrasonic imaging. AuNRs have a sufficiently large
optical absorption cross section to maximize the agent’s photoacoustic signal.
Photothermal effect is a phenomenon associated with electromagnetic radiation
which is produced by the photoexcitation of material, resulting in the production of
thermal energy (heat). Large optical absorption cross and high photothermal con-
version efficiency are the main factors affecting the photothermal effect. SPRS
effect can be used for light scattering imaging.

Electric Field
ectnc Field Electric Field

Light
Light

*+
Transverse Plasmon Longitudinal Plasmon

Fig. 3.16 Schematic representation of AuNR transverse and longitudinal plasmon absorbances in
AuNRs (Reprinted with the permission from ref. [9]. Copyright 2013 American Chemical Society)
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3.4.2 Surface-Enhanced Raman Scattering

Surface-enhanced Raman scattering (SERS) is a surface-sensitive technique that
enhances Raman scattering by Raman reporter molecules adsorbed on rough metal
surfaces or nanostructures such as gold, silver, platinum, and other precious metal
nanoparticles, which will produce electromagnetic field enhancement effect [69].
The enhancement factor can be as high as 1010-1011, [70] which means the tech-
nique may detect single molecules [71]. AuNRs are a kind of excellent materials for
SERS enhancement. Because SERS enhancement is closely related to SPR absorp-
tion peak and intensity, AuNRs with a strong LSPR absorption peak exhibit supe-
rior properties. It has been shown that when the LSPR peak of AuNRs coincides
with the excitation wavelength of SERS, SERS enhancement factor would be
improved 10-100 times [72].

3.4.3 Single-/Two-Photon Fluorescence

Molecules adsorbed on rough metal surfaces produce sharp SERS signal, and mean-
while, the SERS spectrum usually accompanies fluorescence background, which
arousing the interest in the precious metal fluorescence. This phenomenon was first
discovered in 1969 by A. Mooradia et al. [73]. In 2000, it was first reported that
AuNRs had the property of significantly enhanced single-photon fluorescence [74].
The essence of single-photon fluorescence is that the ground state atom absorbs a
photon, leading to the transition of excited electrons from d band to sp band and
resulting in electron-hole pairs. Relaxation of these electronic motions to new elec-
tronic ground state followed by the recombination of the sp-electrons with holes in
the d band leads to the fluorescence emission. Two-photon fluorescence excitation
of AuNRs is the process of sequence two-photon excitation. The first photon excites
an electron in the sp conduction band below the Fermi surface to the band above the
Fermi surface via an intraband transition. Simultaneously, a hole is produced in the
sp conduction band below the Fermi level. Then, the second photon excites an elec-
tron in the d band to the hole in the sp conduction band produced by the first photon.
The second photon also generates a hole in the d band. As a consequence, the
recombination of the electron-hole pair radiates fluorescence later [75]. AuNRs
showed significantly enhanced single-/two-photon fluorescence, mainly due to the
overlap of the excitation spectra and LSPR peak of AuNRs, causing the fluores-
cence enhancement of SPR effect [76, 77].

3.4.4 Near-Field Plasmon Coupling

LSPR of AuNRs is the result of the collective oscillation of conduction electrons
within the particle upon interaction with light. The resonance energy of the LSPR is
highly sensitive to the distance between two nanoparticles. The close approach
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(the distance between two nanoparticles from 2 nm to 2.5 times the particle diame-
ter) of two nanoparticles leads to interaction of their localized surface plasmon reso-
nances, named as near-field plasmon coupling. The near-field plasmon coupling is
a special property, and it has been exploited in a number of applications, including
the change of LSPR peak of AuNRs [78, 79], SERS [80], near-field enhanced fluo-
rescence [81], measuring the distance between two metal nanoparticles using the
universal plasmon ruler in biological systems, [82], and in optoelectronics where
the near-field plasmon coupling of nanoparticles (distances less than 2 diameters)
results in the transmission of light energy through a nanoparticle chain [83].

3.4.5 Photosensitive Effect

Singlet oxygen ('O,) is known to play an essential role in photodynamic therapy
(PDT). It is conventionally formed by sensitization of organic photosensitizers
(such as AlPcS,), photocatalytic materials (such as ZnO and TiO,), and quantum dot
(such as graphene quantum dots [84]). However, these nanomaterials have their own
drawbacks (photoinduced degradation of organic photosensitizers, cytotoxicity of
QDs, and poor absorption in the near-IR region of ZnO and TiO,), which limit their
clinical applications in PDT. In 2011, metal nanoparticles (such as Au, Ag, and Pt)
were found to sensitize the formation of singlet oxygen [85]. In two-photon photo-
dynamic therapy (TP-PDT), photosensitizers are excited by simultaneously absorb-
ing two long-wavelength photons to generate 'O,. The key advantage of TP-PDT is
deep penetration into biological tissues by using the near-infrared excitation wave-
length, resulting in a 10- to 100-fold increase in the light penetration depth. However,
spherical metal nanoparticles generally have small two-photon absorption cross
sections, and it may limit their singlet oxygen generation. AuNRs have emerged as
promising materials with a high TPA action cross section by LSPR enhancement for
TP-PDT. In 2012, TP-PDT of AuNRs has been first demonstrated to produce the 'O,
which is dependent on LSPR peak [86]. The TPA cross sections [87] and different
crystal faces [88] are also important factors to impact the singlet oxygen generation.
More recently, in single-photon photodynamic therapy (SP-PDT), it was demon-
strated for the first time that AuNRs alone can sensitize formation of '0, and exert
dramatic PDT effects on destruction of solid tumors under very low laser doses of
single-photon NIR light excitation (915 nm, <130 mW/cm?) [89].

3.5 Biomedical Applications

Because of their exceptional properties based on the LSPR effects, such as their
remarkable capacity to absorb and scatter light, near-field plasmon coupling, photo-
sensitive effect, excellent photothermal conversion properties, and single-/two-
photon fluorescence, AuNRs have emerged as a promising platform for various
biomedical applications, particularly in cancer diagnosis and therapy.



120 Z. Shiet al.
3.5.1 AuNRs as Biomedical Imaging Agents

Compared with conventional organic dyes for NIR light-mediated biomedical imag-
ing, AuNRs have several significant advantages such as large absorption/scattering
cross sections and chemical and photophysical stabilities. During the last 10 years,
the applications of AuNRs in various imaging techniques have been intensively
investigated, such as light scattering imaging, two-photon fluorescence imaging,
photoacoustic imaging (PAT), SERS [90], and optical coherent tomography (OCT)
[91]. These imaging techniques have been widely recognized and applied. Thus, in
this part, we only give a brief introduction.

3.5.1.1 Light Scattering Imaging

Light scattering imaging is a simple imaging way. Based on SPR-enhanced Rayleigh
scattering in the near-infrared region and the weak scattering background of the
organism, AuNRs became biological imaging contrast agents because of strong
light scattering. M. El-Sayed’s group made a representative work in the application
of AuNRs for cell scattering imaging. The use of anti-EGFR antibody-modified
gold nanoparticles and AuNRs as contrast agents achieved light scattering imaging
of tumor cells, shown in Fig. 3.17. The light scattering imaging contrast of AuNRs
was significantly better than gold nanoparticles due to SPR-enhanced Rayleigh
scattering [92]. Taking advantages of the photothermal therapeutic or drug delivery
property of AuNRs or by combining targeting molecules, it is easy to design the
integrated multifunction imaging and therapy.

HOC malignant cells

Fig. 3.17 (a) Light scattering images of anti-EGFR/Au nanospheres after incubation with nonma-
lignant and malignant cells for 30 min. (b) Light scattering images of anti-EGFR/Au nanorods
after incubation with nonmalignant and malignant cells for 30 min (Reprinted with the permission
from ref. [92]. Copyright 2006 American Chemical Society)



3 Gold Nanorods for Biomedical Imaging and Therapy in Cancer 121

3.5.1.2 Two-Photon Fluorescence Imaging

Two-photon fluorescence is a powerful technique for the early diagnosis of superfi-
cial tumor and tissue because it is a way of noninvasive imaging of subcellular fea-
tures potentially hundreds of micrometers deep into tissue. TPL has been identified
as a serial process involving sequential absorption of photons which requires near-
simultaneous absorption of two coherent photons and emission from the recombina-
tion of electrons in the sp conduction band and holes in the d band. The LSPR effect
of AuNRs increases the probability of transitions between the radiation belts, which
makes two-photon fluorescence or multiphoton fluorescence of AuNRs possible.
The SPR-enhanced quantum yield is more than a million times higher compared
with single-photon fluorescence. One of typical applications has been demonstrated
in the use of anti-EGFR antibody-modified AuNRs as bright contrast agents for
two-photon fluorescence imaging of cancer cells in a three-dimensional tissue phan-
tom. The imaging deep using AuNRs was down to 75 pm and deeper than 40 pm
from two-photon imaging of endogenous fluorophores which could be used to dis-
tinguish cancerous and precancerous from normal tissue. The two-photon fluores-
cence intensity of AuNR-labeled cancer cells was 4000 times brighter than the
two-photon autofluorescence emission intensity from intrinsic fluorophores of unla-
beled cancer cells at 760 nm excitation light. Their strong signal, high contrast,
resistance to photobleaching, chemical stability, ease of synthesis and modification,
and biocompatibility make AuNRs become an attractive contrast agent for two-
photon fluorescence imaging [93] (Fig. 3.18).

in

Fig. 3.18 (a) Two-photon fluorescence images of cancer cells: a two-photon autofluorescence of
unlabeled cells using 9 mW of excitation power. b Two-photon fluorescence image of AuNR-
labeled cells using 140 pW of excitation power. ¢ Two-photon autofluorescence of unlabeled cells
using 140 pW of excitation power. (b) Two-photon fluorescence images AuNR-labeled cells at
different deeps (Reprinted with the permission from ref. [93]. Copyright 2007 American Chemical
Society)
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3.5.1.3 Photoacoustic Imaging

Photoacoustic imaging can greatly enhance the contrast for visualization of struc-
tures and biomarkers in biological tissues which overcome the high light scattering
in biological tissue by making use of the photoacoustic effect. Light absorption by
tissue or materials creates a thermally induced pressure jump that launches ultra-
sonic waves, which can be received by acoustic detectors to form images [94].
AuNRs are of particular interest for in vivo photoacoustic imaging because of their
compacted sizes, strong and highly wavelength-tunable optical absorption in the
NIR optical window of soft tissues, excellent photothermal conversion efficiency,
and good biocompatibility. As a photoacoustic imaging agent, AuNRs improve the
photoacoustic imaging contrast and resolution. Sanjiv S. Gambhir’s group showed
one of the typical applications using silica-coated AuNRs to achieve ovarian cancer
detection [95] and mesenchymal stem cell detection [96] with photoacoustic imag-
ing in living mice. AuNRs with an aspect ratio of 3.5 were selected for their highest
ex vivo and in vivo photoacoustic signal and used to image subcutaneous tumors of
the 2008, HEY, and SKOV3 ovarian cancer cell lines in living mice [95]. As can be
seen from Fig. 3.19, photoacoustic imaging of AuNR-labeled ovarian cancer had
the characteristics of weak background signal, high contrast, high spatial resolution,
and clear outline. In fact, any nanomaterials with strong and highly wavelength-
tunable optical absorption in the NIR optical window and excellent photothermal
conversion efficiency can be used as photoacoustic contrast agents, such as gold
nanocages characterized by hollow interiors, ultrathin and porous walls (better than
AuNRs) [97], and nano-reduced graphene oxide [98].

Fig. 3.19 Photoacoustic tumor imaging with AuNRs. (a) MDA-435S tumors serve as a positive
control. (Ai) MDA-435S tumors with AuNRs. Panels (b-d), are 2008, HEY, SKOV3 tumors,
respectively (Reprinted with the permission from ref. [95]. Copyright 2012 American Chemical
Society)
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3.5.2 AuNR:s for Cancer Therapy

AuNRs as biocompatible nanocarriers with high specific surface area, tunable local-
ized surface plasmon resonance, photothermal effect, photosensitive effect, and
photothermally controlled release property are widely used for photothermal ther-
apy, drug/gene/photosensitizer delivery to realize drug/gene therapy, and photody-
namic therapy [1, 99].

3.5.2.1 Drug/Gene Therapy

Chemotherapy is a common way of cancer therapy. However, due to the disadvan-
tages of large doses, side effect, nontargeting, and easily leading to multidrug resis-
tance, the efficacy of chemotherapy is greatly limited. Gene therapy through the
correction of the defective gene achieves a new way of therapy. But in the physio-
logical environment, exogenous gene or siRNA is easily degraded by nuclease,
leading to short half-life and low transfection efficiency, thereby limiting its appli-
cation in the treatment of disease. AuNRs as drug (doxorubicin, paclitaxel, cispla-
tin) and gene (DNA, siRNA) nanocarriers can increase drug/gene loading and the
intake of the body, to promote controlled release of the drug/gene and improve the
stability of the gene and transfection efficiency. And it also can be modified to
improve targeting, prolong circulation time in vivo, and promote tumor cell uptake
and retention.

C.Y. Chen’s group from the National Center for Nanoscience and Technology,
China, used PDDAC- or PEI-modified AuNRs with HIV-1 Env plasmid DNA to
transfect HEK293 cells and found that the carrier has greatly enhanced the effi-
ciency of gene transfection and promoted humoral immunity as well as the matura-
tion of dendritic cells and T cell proliferation through activating antigen-presenting
cells compared to naked Env plasmid DNA treatment in vivo. The possible mecha-
nism of AuNRs as vaccine adjuvants is shown in Fig. 3.20 [51]. Luke P. Lee’s group
developed cationic phospholipid-modified AuNRs as a gene delivery carrier to
enhance biocompatibility and colloidal stability, reduce nuclease degradation, and
improve transfection and gene therapy [56].

For drug delivery, the main objective of the study is to improve the biocompati-
bility of the carrier, drug-carrying rate, and the intake of the body and the controlled
release properties of the drug and reverse drug resistance. C. Y. Chen’s group fabri-
cated polymer-encapsulated AuNRs to couple the photothermal properties of
AuNRs and the thermo- and pH-responsive properties of polymers in a single nano-
composite to develop a novel targeted anticancer strategy with facile control and
practical efficacy without using targeting ligands. The loading content into the
nanocomposite through electrostatic interactions could be up to 24 %. The accumu-
lation of nanocomposite in tumor post systematic administration could be signifi-
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PDDAC coating

Fig. 3.20 The possible mechanism of different surface-coated AuNRs as vaccine adjuvants to
enhance the efficiency of gene transfection and promote the maturation of dendritic cells and T cell
proliferation through activating antigen-presenting cells (Reprinted with the permission from ref.
[51]. Copyright 2012 American Chemical Society)

cantly enhanced by NIR laser irradiation due to the shrunk of the nanocomposite’s
size. Simultaneously, the laser was easily transformed to heat to accelerate drug
release. Compared to simple drug delivery, this work has great novelty [100]
(Fig. 3.21).

3.5.2.2 Photothermal Therapy

Photothermal therapy is the most common treatment modality of AuNRs due to the
LSPR effect in the near-infrared region with better tissue penetration depth. AuNRs
induced by higher-power near-infrared light generate heat to cause tumor cell mem-
brane blebbing and enhance cell membrane permeability significantly. In addition,
heat will result in intracellular protein denaturation and the loss of mitochondrial
function, leading to cell necrosis. Mostafa A. El-Sayed’s group used anti-EGFR-
modified AuNRs for photothermal therapy of cancer cells at different power.
Malignant cells required about half the laser energy to be photothermally destroyed
compared with the nonmalignant cells after exposure to 800 nm laser [92]. Recently,
other structures of gold nanoparticles have been studied in comparison with AuNRs.
Au nanohexapods exhibited the highest cellular uptake, the lowest cytotoxicity, and
the most efficient of photothermal therapy compared with AuNRs and Au
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Fig. 3.21 (a) The process of nanocomposite formulation. (b) NIR laser-induced targeted thermo-
chemotherapy (Reprinted with the permission from ref. [100]. Copyright 2014 American Chemical
Society)

nanocages [101]. AuNRs could also be designed with a rod-in-shell (rattle-like)
structure to be responsive to the first (650-950 nm) and second (1000—1350 nm)
NIR windows. The UV-vis-NIR spectrum of the rod-in-shell structure could be con-
trolled by changing the gap distance between the AuNR core and the AuAg
nanoshell. Regarding the first NIR window, rod-in-shell particles exhibited a more
effective treatment in the laser ablation of solid tumors compared to AuNRs only
with 808 nm laser [102] (Fig. 3.22).

3.5.2.3 Photodynamic Therapy

AuNRs as a nanocarrier to deliver photosensitizers to realize photodynamic therapy
is the commonly used method [103]. For more advanced applications, intelligent
control or multimode treatment was used for efficient and safe therapy. W. Tan’s
group designed an aptamer switch probe (ASP) linking photosensitizer Ce6 to the
surface of AuNRs to target cancer cells for PDT and PTT, as shown in Fig. 3.23. In
the region of target cancer cells, the ASP changed conformation to drive Ce6 away
from the gold surface to activate photosensitive effect for PDT upon light irradia-
tion. If not, Ce6 would remain on the gold surface resulting in quenching the photo-
sensitive effect. The AuNR-ASP-Ce6 complex also had the added ability to carry
many photosensitizers, which enhanced its therapeutic efficiency. Induced by high-
power laser, this complex enabled further cell destruction by the photothermal
effect. Consequently, this multimodal complex offered a light controlled and
remarkably improved therapeutic method, providing high specificity and therapeu-
tic efficiency [104].
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Fig. 3.22 Selective photothermal therapy of cancer cells with anti-EGFR-modified AuNRs at dif-
ferent power (Reprinted with the permission from ref. [92]. Copyright 2006 American Chemical
Society)

3.5.24 Combined Applications

Nanomaterials have great potential to integrate imaging diagnosis and therapeutic
treatment into a single nanoplatform for combined applications such as imaging-
guided therapy, multimode therapy, and therapeutic monitoring following treatments
for optimizing therapeutic efficacy and safety of therapeutic regimes, compared with
single-function application. AuNRs modified with fluorescence agents, targeted mol-
ecules, or photosensitizers, combining the inherently capable of various types of
imaging and therapeutic functionalities, have provided great opportunities for the
combination application of AuNRs in biomedicine [1, 105]. Y. Choi’s group [49]
from Korean National Cancer Center synthesized positively charged short peptide
RRLAC and thiol-terminated monomethoxy poly(ethylene glycol)-modified AuNR-
AlPcS4 composite to achieve near-infrared fluorescence imaging, light-activated
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Fig. 3.23 Schematic representation of AuNR-ASP-Ce6 for light-controlled PTT and PDT [104]
(Reprinted with the permission from ref. [104]. Copyright 2012 American Chemical Society)

photodynamic therapy, and photothermal therapy (Fig. 3.24). This composite has
four advantages: (1) Safety and intelligent control. Fluorescence emission and sin-
glet oxygen generated by AIPcS4 were quenched on the surface of AuNRs. If there
was no light to release and activate the photosensitizers, there was no phototoxicity
to normal cells or tissues. (2) Near-infrared fluorescence imaging. Tumor sites were
clearly identified on near-infrared fluorescence images after injection with AuNR-
AlPcS4 complex. (3) Great intracellular uptake. Fourfold greater intracellular uptake
was observed in GNR-AIPcS4-injected cells than free AIPcS4. (4) High treatment
efficiency with synergistic therapeutic. Tumor growth was reduced by 79 % with
PDT alone and by 95 % with dual PTT and PDT. All of these advantages were based
on this multifunctional nanomaterial. However, only the combination of multiple
functions without innovation has been extensively studied. The study of new applica-
tions, new features, and new functionalities is the direction of future development.

3.5.3 AuNRs for New Applications

After more than 10 years of extensive research, the applications of AuNRs based on
traditional ideas are difficult to be further developed. Recently, some typically new
applications of AuNRs provide a new way of thinking.
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Fig. 3.24 AuNR-AlIPcS4 complex for near-infrared fluorescence imaging and PTT/PDT [49]
(Reprinted with the permission from ref. [49]. Copyright 2011 American Chemical Society)

3.5.3.1 New Unique Way to Challenge Drug Resistance

Drug resistance is a common phenomenon in chemotherapy. Generally, resistant
cells develop a high expression of drug transporters such as P-glycoprotein (Pgp) to
effuse a wide variety of natural drugs. Nanomaterials are widely used to overcome
drug resistance through intracellular endocytosis to improve drug accumulation. Is
there any new unique way to challenge drug resistance? Recently, C. Chen’s group
has reported a novel yet simple strategy to overcome cancer drug resistance using
the plasmonic feature-based photothermal properties. The use of localized plas-
monic heating of AuNRs at a mild laser power density of femtosecond pulsed laser
could modulate the drug-resistance-related genes to overcome drug resistance,
rather than directly killing cancer cells using AuNR-mediated photothermal ther-
apy. This photothermal effect could trigger higher expression of heat shock factor
(HSF-1) trimmers and depress the expression of Pgp and mutant p53 to accumulate
drugs in the breast cancer-resistant cells (MCF-7/ADR) and improve their sensitive-
ness to drugs to develop chemotherapy efficiency. Not only the intracellular endo-
cytosis, but also the plasmonic feature-based photothermal properties of AuNRs
were innovatively applied to modulate the drug-resistance-related genes. Considering
the universality and feasibility of this strategy, it indicated the direction of new
applications and greatly broadened the applications of AuNRs [106].

3.5.3.2 Localized Electric Field of Plasmonic AuNR-Enhanced
Photodynamic Therapy

Generally, it was known that fluorescence emission and singlet oxygen generation
of the photosensitizers on the surface of AuNRs would be quenched by virtue of
the effective energy transfer from the photosensitizer to the GNR [49]. Recently,
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the mechanism of plasmonic AuNRs has been explored to control 'O, generation
of photosensitizers. When the LSPR band is in resonance with the absorption
band of the photosensitizer on the surface of AuNRs, the absorption of the photo-
sensitizer is greatly enhanced by localized electric field to remarkably enhance the
production of 'O, [107]. G. Nie’s group tailor designed a nanoplatform, composed
of mesoporous silica-coated AuNRs with loading near-infrared photodynamic dye
(ICG) to optimize the photodynamic therapy (PDT) for tumor based on the elec-
tromagnetic near-field enhancement. ICG was one of photosensitizers with poor
photostability and low quantum yield. The overlap of LSPR peak of AuNRs and
the exciton absorption of ICG increased the 102 yield of incorporated ICG by
maximizing the electromagnetic near-field enhancement and protected the ICG
molecules against photodegradation due to the high-absorption cross section of
the AuNRs. The silica shell on the AuNRs also greatly increased the payload of
ICG with the additional benefit of improving the photosensitive efficiency with
the high-concentration ICG and enhancing ICG photostability by facilitating the
formation of ICG aggregates. The integrated strategy was a novel and important
way to significantly improve the photodynamic destruction of tumors with mild
laser irradiation through the effect of the electromagnetic near-field enhancement
[108] (Fig. 3.25).
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3.5.3.3 Highly Efficient and Safe Photodynamic Therapy

With the development of nanotechnology, the delivery of photosensitizers by nano-
materials has been widely used to improve the treatment efficacy in PDT based on
the passive/active targeting and accumulation of tumors. However, photosensitizers
that are electrostatically adsorbed onto the surface of AuNRs can easily release
when transporting throughout the body, resulting in uncontrollable damage to nor-
mal cells by light irradiation. Recently, our group investigated a highly efficient and
safe photodynamic therapy mode by developing a high-/low-power density photo-
dynamic therapy mode (high/low PDT mode) induced by single continuous wave
laser using mPEG-SH and polyelectrolyte-modified AuNR-AIPcS4 photosensitizer
complexes. mPEG-SH contacted with the gold surface to form Au-S bond through
the gap of the polyelectrolyte layer acted as a “brush” to enhance the spatial stability
of the nanoparticles and help the small AIPcS4 molecules to adsorb onto polyelec-
trolyte and reduce the chances of escaping from the surface of AuNRs to improve
encapsulation and loading efficiency. Based on the high loading efficiency of
AuNR-AIPcS4 complexes, high-power density light (short duration) was firstly
used to accelerate the release of AlPcS4 from the surface of AuNRs through the
plasmonic photothermal effect of AuNRs. Simultaneously, the PDT was activated
by the same laser. Next, low-power density light (long duration) was used to attain
prolonged PDT efficacy through AIPcS4 release over a relatively long time frame.
Overall, this high/low PDT mode realized high PDT efficacy (about 90 % tumor cell
killing) with high light dose = 80 mW/cm? for 0.5 min and low light dose = 25 mW/
cm? for 1.5 min. However, applying the same condition in the control group (free
AlPcS4 equiv.), there was no significant cytotoxicity due to lower cellular concen-
trations of AlPcS4 and insufficient irradiation doses. Consequently, free AlPcS4
released from AuNRs prior to cellular entry did not contribute to cytotoxicity of
normal cells. This high/low PDT mode also reduced the use of high-power density
laser to decrease the treatment risk. Combined with the special properties of AuNRs,
this high/low PDT mode could effectively reduce the treatment risk and the cytotox-
icity to normal cells and may effectively lead to a safer and more efficient photody-
namic therapy for superficial tumors [109].

3.6 Perspectives

As described in the previous sections, we have reviewed the synthesis methods,
surface modification and functionalization, optical properties, and the research-
level biomedical applications of AuNRs with some representative work and some
new applications in diagnostic, therapeutic, and theranostic applications for accu-
rate, efficient, and safe therapy. An in-depth understanding on how to optimize the
properties of AuNRs for designing and preparing new AuNR-based nanoplatforms
is needed. Collaboration between chemists, biologists, optical scientists, materials
scientists, and clinicians would further help to promote the innovative biomedical
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applications of AuNRs. On one hand, we need more in vivo studies on the therapeu-
tic efficacy, biocompatibility, and biodistribution which are required to make these
techniques more clinically relevant. On the other hand, more studies on new appli-
cations, new features, and new functionalities are also needed to make AuNRs shine
in the scientific world.
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Chapter 4

Lanthanide-Doped Upconversion
Nanoparticles for Imaging-Guided Drug
Delivery and Therapy

Zhanjun Li, Yuanwei Zhang, and Gang Han

Abstract Lanthanide-doped upconversion nanoparticles (UCNPs) possess unique
anti-Stokes optical properties, in which low-energy near-infrared (NIR) excitation
can be converted into high-energy UV and/or visible emission with pronounced
luminescence and chemical stability. Due to the rapid development of synthesis
chemistry, lanthanide-doped UCNPs can be fabricated with narrow distribution and
modulated physical behaviors. These unique characters endow them unique NIR-
driven imaging/delivery/therapeutic applications, especially in the cases of the deep
tissue environments. Herein, we introduce both the basic concepts and the up-to-
date progresses of UCNPs in material engineering, toxicology, and bio-applications
in imaging, molecular delivery, and tumor therapeutics.

Keywords Upconversion nanoparticles ® Optical imaging ® Drug delivery ¢ Optical
therapy

4.1 Introduction

Upconversion is a nonlinear optical process in which long wavelength (usually
near-infrared) photons are absorbed by upconversion materials followed by emit-
ting photons with shorter wavelength (typically visible) [1]. Lanthanide-doped
UCNPs can be excited with deep tissue-penetrating NIR light (800 nm, 925 nm,
980 nm) and emitting light in a broad range from ultraviolet (UV) to near-infrared
(NIR) with various distinctive characteristics, like narrow emission band, large anti-
Stokes shift, and less light scattering. These attributes make them unique optical
tools for biological studies [2]. In addition, these nanoparticles are non-blinking,
non-photobleaching, and extremely stable and dodged the endogenous cellular
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fluorophore spectral window [3, 4]. Thus, low autofluorescent background can be
obtained, and therapeutic trackings can be conducted both in vitro and in vivo.

The working window at both NIR excitation and NIR emission (NIR-to-NIR),
which are both within the biological NIR optical transmission window (700—
1,000 nm), is particularly important for in vivo imaging of small animals, because it
permits deep tissue penetration beyond 3 cm and less absorption and scattering of
biotissues and organs [5]. The unique advantages of UCNPs make them ideal nano-
platform for diverse applications in both imaging and therapy. (1) They can serve as
background-free optical probes for targeted imaging [6]. (2) They can be adapted as
nanocarriers to precisely deliver therapeutic cargoes, in which way the side effects
are minimized in nearby tissues and organs [7]. (3) UCNPs can be used as remote
control photoswitches to precisely control the therapeutic procedures in deep tissue

[8].

4.2 Engineering of UCNPs for Biomedical Applications

4.2.1 Basic Mechanism of UCNPs

In general, lanthanide-doped UCNPs contain three essential components, (1) sensi-
tizer (usually Yb**), (2) emitter (usually Tm?**, Er*, Ho**), and (3) host matrix.
Because of the requirements in the matching of energy levels, the most effective
sensitizer/emitter pairs are found to be Yb/Er, Yb/Tm, and Yb/Ho (Fig. 4.1). The
upconversion host matrix must have low phonon energies; thus, lattice stress and
nonradiative pathways can be minimized. In general, hexagonal AReF, (e.g., A: Li/
Na/K, Re: Y/Lu/Gd) is broadly considered as the best host matrix for UCNPs [9—
11]. Recently, we found that Nd*, which has a strong absorption at ~800 nm, can be
used as a novel sensitizer (Fig. 4.2) [12]. By the fabrication of a tri-doped
NaYF,:Nd,Yb,Er/Tm, the excitation wavelength of lanthanide-based UCNPs can be
transferred to 800 nm. This design not only offers a new excitation choice but also
can decrease the thermal effect obviously because the absorption coefficient of
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Fig. 4.1 Schematic representation of the excitation/emission and interatomic energy transfer pro-
files of UCNPs and examples of upconversion emission spectra upon 980 nm excitation
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Fig. 4.2 Upconversion process of Nd/Yb/Er(Tm) tri-dopants system with 800 nm excitation
(Reproduced from Ref. [12] by permission of John Wiley & Sons Ltd.)

water at 800 nm is several magnitudes lower than that at 980 nm. Thus, we can
minimize the thermal side effect during upconversion imaging or therapy by using
these tri-doped UCNPs. It should be noted that the upconversion efficiency of these
simple tri-doped system is low because of the reverse energy transfer from Er/Tm to
Nd. Soon after our report, this problem was solved by fabrication of a core@shell
structure which will be discussed later.

4.2.2 Synthesis of UCNPs

Due to the requirement of narrow size distribution and high dispersibility for bio-
logical studies, thermal decomposition and solvothermal synthesis techniques are
the most widely employed strategies. In addition, with nicely controlled conditions,
like temperature, materials ratio, and selected component, the UCNPs can be fabri-
cated with diverse sizes and shapes [13]. In order to generate solvent dispersible
UCNPs, Yan et al. developed a high-temperature decomposition strategy, and a vari-
ety of monodispersed cubic and hexagonal NaYF,-based nanocrystals were fabri-
cated with high quality [14]. Generally, the size and morphology of UCNPs can be
well controlled by decomposing metal trifluoroacetate precursors at high tempera-
ture in mixed solvents of oleic acid, oleicamine, and octadecene. This strategy has
become a most typical method to fabricate UCNPs, and the critical synthesis param-
eters have been thoroughly investigated, such as coordinating solvent compositions
[15], decomposition temperature [16], starting material species and ratio [17], and
core/shell structures [18]. For example, to synthesize high luminescent and
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ultrasmall upconversion nanoparticles with biomolecules of comparable size, Chow
et al. fabricated ca. 11 nm -NaYF,:Yb,Er and -NaYF,:Yb,Tm UCNPs in pure oley-
lamine solutions, and further upconversion efficiency was improved by coating inert
shell structure [15].

Using hydrothermal synthesis strategy, UCNPs with uniform sizes and shapes
can also be achieved. Generally, UCNPs are obtained by mixing fluoride salts (e.g.,
NH,F) with lanthanide compounds in solvent with high boiling point such as ethyl-
ene glycol and reacted under high temperature and pressure. For example, using this
method, B-phased NaYF, UCNPs were fabricated with corresponding oleate precur-
sor [19]. More sophisticated strategy was developed using a liquid-solid-solution
phase-transfer method in water/alcohol/oleic acid mixture to fulfill predictable size,
shapes, and phase UCNPs [20, 21].

4.2.3 UCNPs with Core@shell Structures

As optical bio-probes, high fluorescent efficiency will be required in water solu-
tions. However, the OH and NH, groups surrounding the surface of UCNPs could
quench the excited states through nonradiative relaxation processes. Nevertheless,
when the nanoparticle sizes go smaller, those quenching effects become more
severe. In order to conquer this problem, an inert shell (undoped NaYF,, NaGaF,,
NaLuF,, etc.) is usually needed to protect the upconverting active core (namely, a
core @shell nanostructure) from the outside quenching reagents. Thus, the possibil-
ity of energy loss from the active core is highly reduced and consequently enhanc-
ing upconversion efficiency. For example, Kong and Zhang carefully studies
B-NaYF,: Yb** Er**@B-NaYF, core-shell structure; from the kinetics analysis, they
discovered the quenching effect of luminescent centers can be effectively reduced
by homogeneous coating with NaYF, shell and conduct luminescence enhancing
[22]. Later on, Liu et al. showed direct evidence for the surface quenching effect
related to the nanoparticle sizes in NaGaF,:Yb,Tm. They also intensified the optical
integrity, and surface quenching effects of the nanoparticles can be greatly pre-
served after an inert thin shell coating (NaGdF,:Yb,Tm@NaGdF,) (Fig. 4.3) [23].

Usually, p-NaY/Gd/LuF, is considered to be the best upconversion matrix. And
the same host matrix will be used in the active core @inert shell design. Quite inter-
estingly, we find that an epitaxial CaF, heteroshell can increase the upconversion
efficiency of a-NaYF, for hundreds of times (Fig. 4.4). The UV upconversion in
a-NaYbF,: Tm@CaF, (362 nm) is even higher than 3-NaYF,:30 %Yb, 0.5 %Tm@ 3-
NaYF4 and larger f-phase counterparts [24]. In addition, the CaF, coating is found
to be more effective in resisting quenching in aqueous medium to preserve the
upconverting UV emissions. In the same material, we also find that CaF, hetero-
shell could increase the NIR emission of a-NaYbF,:0.5 %Tm for 35 times with a
relative high NIR-to-NIR quantum yield of 0.6 % under low-energy excitation of
0.3 W/em? [5].
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Fig. 4.3 Upconversion emission spectra of (a) NaGdF,:25 %Yb/0.3 %Tm (15 nm) and (b) cor-
responding core/shell nanoparticles (20 nm) in nonylphenylether/ethanol/water solutions with dif-
ferent water ratio (Reproduced from Ref. [23] by permission of John Wiley & Sons Ltd.)

For the Nd*-sensitized UCNPs, the upconversion efficiency using 800 nm exci-
tation is relatively low than the traditional 980 nm-excited counterparts. In order to
address this issue, Zhao and Yao fabricated quenching-shielded sandwich-structured
rare-earth nanoparticles that have high upconversion emissions with excitation at
wavelength of 800 nm, as shown in Fig. 4.5 [25]. In this system, the nanostructure
has been well defined to eliminate the potential cross-relaxation pathways between
the activator and sensitizer by introducing an interlayer of NaYF,:Yb*. The emis-
sion intensity of the nanoparticles reached maximum when the interlayer thickness
was ~1.45 nm (NaYF,:Yb?**). This well-defined unique nanostructure is essential to
eliminate the deleterious cross-relaxation pathways between the activator and sen-
sitizer by means of a precisely controlled transition layer. The as-synthesized
UCNPs are even brighter than conventional 980 nm-excited nanoparticles at low
excitation power density of 0.5 W/cm?. Further, the use of 800 nm laser source
instead of 980 nm one is able to increase the penetration depth in biotissue and sup-
press overheating.

By simultaneously harnessing the sensitizer Yb** and Nd3* together into different
shell layers of one single nanoparticle, Feng Wang et al. designed a kind of
core @multishell nanostructure named NaGdF,:Yb,Tm @NaGdF, @NaYbF,:Nd @
Na(Yb,Gd)F,:Ho @NaGdF,, in which different emission can be realized by altering
excitation light source (976 nm/blue, 808 nm/green, Fig. 4.6) [26]. Under 976 nm
laser excitation, the excitation light will be absorbed by Yb** in both the core and
the shell of the UCNPs. But the energy back transfer from Ho* to Nd** will inhibit
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Fig. 4.4 Heteroshell structure of a-NaYbF,;: Tm@CaF,. (a) TEM, (b) high-angle annular dark-
field STEM, (c) linear EDX scanning of a single UCNP, and (d) corresponding elemental ratio
analysis (Reproduced from Ref. [24] by permission of John Wiley & Sons Ltd.)

the emission of Ho* (green). The general emission color will be dominated by tran-
sition from Yb to Tm in the core. But, under 808 nm excitation, Nd** will be sensi-
tized and then transfer the absorbed energy to Ho** to generate green emission. The
energy transfer to the inner core is blocked by the inert NaGdF, layer between the
Tm?* activated core and the Ho activated shell. Thus, the 808 nm-excited emission
will be dominated by Ho** (green). This kind of excitation-regulated upconversion
emission properties will have great potential in the field of multichannel photoactive
processes.

Lee’s group synthesized a similar dual-channel upconversion system, and more
importantly, they demonstrated the two-way photoswitching applications of this
novel UCNPs (Fig. 4.7) [27]. The photoisomerization between spiropyran and
merocyanine can be regulated by UV and visible light. The maximum absorption
peaks of spiropyran and merocyanine that locate at 342 nm and 560 nm overlap well
with the UV emission from the Tm?* and Er**, respectively. Thus, under excitation
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Fig. 4.5 Bright upconversion under 800 nm excitation by engineering core @shell @shell struc-
ture. (a) Simplified energy-level diagrams depicting the energy transfer between Nd, Yb, and Er
ions upon 800 nm excitation. (b) Schematic illustration of the proposed energy transfer mecha-
nisms in the quenching-shield sandwich-structured UCNPs; ¢ upconversion emission spectra of
the as-synthesized UCNPs (Reproduced from Ref. [25] by permission of John Wiley & Sons Ltd.)

of 808 nm, UV emission will be activated by energy transfer from Nd* to Tm?*,
leading to the photoisomerization of spiropyran to merocyanine (pink solution).
Thereafter, under the excitation of 980 nm laser, green emission from Er** can be
generated, leading to the photoisomerization of merocyanine back to spiropyran
(colorless).

4.2.4 Surface Modification for Upconversion Enhancing
and Bio-conjugation

Post-modification of the surface of UCNPs by charged or polar groups can offer
them aqueous solubilities and biocompatibilities. In this regard, several strategies
have been developed to transfer the as-synthesized hydrophobic nanoparticles into
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Fig. 4.6 (a) Schematic design of tuning the Nd-sensitized upconversion process through nano-
structural engineering. (b) Emission spectra of the multishelled nanoparticles under excitation at
808 and 976 nm, respectively. Inset: digital camera photograph of corresponding solution sample
(Reproduced from Ref. [26] by permission of John Wiley & Sons Ltd.)
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Fig. 4.7 (a) Illustration of two-way photoswitching of spiropyran by using UCNPs with dual NIR
excitations. (b) Tm** and Er** emissions from the UCNPs under 808 nm and 980 nm excitations
and the evolution of the UV/vis absorption spectrum of the photoisomerization. (¢) Kinetic moni-
toring of the photoswitching reaction. The red dotted line shows the kinetics of the reaction of
merocyanine to spiropyran. (d) Dual NIR-driven photoswitching of spiropyran over many cycles
in THF/methanol (9/1, v/v) solution by monitoring the absorbance of merocyanine at 560 nm
(Reproduced from Ref. [27] by permission of John Wiley & Sons Ltd)
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water solution using amphiphilic polymer [28] and ligand oxidation [29]. Firstly,
Yadong Li’s group developed a polyol solvent ligand exchange method to transfer
hydrophobic inorganic nanocrystals from organic solvent to aqueous solution by
modifying polyelectrolytes, such as poly(acrylic acid), poly(allylamine), and
poly(sodium styrenesulfonate) [30]. In this method, a toluene solution containing
hydrophobic nanocrystals is rapidly injected into a heated mixture of polyol (dieth-
ylene glycol) and exchanging ligands. The solution becomes turbid immediately
because of the insolubility of hydrophobic nanocrystals in the polar solvent. Upon
continued heating at a higher temperature close to the boiling point of the solvent,
the solution slowly turns clear, indicating the occurrence of ligand exchange and
dissolution of nanocrystals in DEG. The nanocrystals can then be precipitated, for
example, by adding excess amount of diluted aqueous solution of hydrochloric acid
and finally redispersed in water by transforming remaining uncoordinated groups
into ionized form. This method is found also effective in the case of UCNPs.

Another effective phase transition method was developed by Angang Dong et al.,
characterized by using NOBF, (Fig. 4.8) [31]. In this method, nitrosonium tetrafluo-
roborate (NOBF,) is used to replace the original organic ligands attached to the
nanoparticle surface, stabilizing the nanoparticles in various polar, hydrophilic
media such as N,N-dimethylformamide for years of storage. The hydrophilic
nanoparticles obtained can subsequently be further functionalized by using a variety
of capping reagents. Furthermore, the phase transition and ligand exchange reaction
is so fast that it can be finished in several minutes. And more significantly, the
hydrophilic nanoparticles obtained by NOBF, treatment can readily undergo sec-
ondary surface modification due to the weak binding affinity of BF,™ anions to the
particle surface, allowing reversible phase transition.
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Fig. 4.8 Scheme of the phase transition and ligand exchange procedure by using NOBF,
(Reprinted with the permission from Ref. [31]. Copyright 2011 American Chemical Society)
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4.3 Biosafety of UCNPs

4.3.1 Internalization of UCNPs into Cells

The toxic effects of UCNPs in cells and animals are determined by the cell internal-
ization and their distribution sites. Thus, the study of the internalization and distri-
bution sites of UCNPs in cells is important in the assessment of their biosafety.
Different from small molecules, it is difficult for UCNPs to cross the plasma mem-
brane on their own. Generally, UCNPs are internalized from endocytosis process of
cells. According to previous researches [32], the internalization of nanoparticles is
usually regulated through a process termed pinocytosis which involves at least four
basic mechanisms: (1) micropinocytosis (>1 pm), (2) clathrin-mediated endocytosis
(~120 nm), (3) caveolae-mediated endocytosis (~60 nm), and (4) clathrin- and
caveolae-independent endocytosis. The real mechanism might vary depending on
many factors, such as particle sizes, surface ligands, and incubation conditions. The
most common interactions are electrostatic interactions between the UCNPs and the
plasma membrane of UCNPs (negatively charged). According to current report, the
surface charge of UCNPs severely affects their cellular uptake efficiency. Generally,
positive charge can greatly enhance cellular uptake of UCNPs, which is signifi-
cantly higher than their neutral and negative counterparts. For example, Wong et al.
[33] found that positively charged UCNPs modified with polyetherimide (PEI)
(50 nm, 51 mV) had five times of cellular uptake than that of neutral UCNPs modi-
fied with polyvinylpyrrolidone (PVP). And negatively charged UCNPs modified
with poly(acrylic acid) (PAA) (50 nm, —23 mV) showed the lowest cellular uptake
efficiency. Although positive charges can facilitate the internalization of UCNPs,
several studies also reported the uptake of negatively charged nanoparticles into
cells. For example, Li’s group found that citrate-modified UCNPs (20 nm, —18 mV)
could be internalized by KB cells after 1 h incubation [34]. Similar results were also
found in sodium glutamate and diethylene triamine pentaacetic acid-modified
UCNPs [35]. In addition, it should be noted that the absorption of serum protein
in vitro or in vivo might change the hydrodynamic size and surface charges signifi-
cantly. On the other hand, there is still no detailed investigation on the internaliza-
tion process and the intracellular distribution sites of UCNPs.

4.3.2 Biodistributions of Injected UCNPs in Mice Models

The in vivo imaging study usually applies mice model via intravenous (i.v.) injec-
tion. Except for some ultrasmall nanoparticles, the final deposition site was mainly
the liver and spleen, which is usually attributed to the capture by the reticuloendo-
thelial system (RES). To increase the systemic circulation time of injected UCNPs,
a well-designed surface modification will be needed to avoid the capture by the
RES. In this regard, polyethylene glycol (PEG) is usually the most effective surface
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ligand, and it is approved by the US Food and Drug Administration because of its
low immunogenicity and antigenicity. The highly flexible chains of PEG can pro-
vide a “conformational cloud” around the particles, which prevents the surface
absorption of blood components and the subsequent recognition of the RES. Li’s
group found that the half-life circulation time of PEG-UCNPs was about ten times
(4.3 h vs. 0.4 h) as high as nude UCNPs [36]. Targeting moieties are required to
increase the concentration of UCNPs in specific sites of diseases, namely, targeted
delivery/imaging. In this regard, folic acid was frequently applied to modify UCNPs
to fabricate targeted imaging nanoprobes, on the basis of the high affinity of folic
acid and its receptor (usually highly expressed in tumor) [37]. To date, there is a
series of targeting moieties developed to decrease the nonspecific distributions of
UCNPs, such as tripeptide [38], chlorotoxin [39], heparin [40], and antibodies [41].

4.3.3 Excretion of UCNPs

The FDA requires that injected agents, especially the diagnosis agents, should be
completely cleared in a reasonable time period. It is known that most injected agents
can be excreted from the hepatobiliary or renal route. Hepatocytes serve as an
important site for the elimination of injected nanoparticles through phagocytosis. In
a previous report by Li’s group [42], PAA-modified UCNPs could be found in the
intestinal tract after 7 days postinjection, indicating the clearance via hepatobiliary
transport. After 21 days postinjection, the UCNPs could only be detected in the
intestinal tract and remained unchanged up to 90 days. After 115 days, almost no
UCNPs could be found in the mouse. These results indicated that the internalized
UCNPs can be excreted out of the body, although for a long time. Moreover, no
significant change could be observed in size, size distribution, and morphology
using transmission electron microscopy in the excreted UCNPs comparing with the
initial nanoparticles before injection.

Renal excretion is the other vital important way for the clearance of nanoparti-
cles. It is generally accepted that the size of nanoparticle is one of the most impor-
tant determinants of the excretion pathway. Although the smallest nanostructural
dimensions are ca. 43 nm in the glomerular capillary wall, the functional or physi-
ologic pore size is considered to be only 4.5-5 nm in diameter, considering the
combined effects of several layers of glomerular capillary [43]. Li’s group studied
the in vivo metabolism of sub-10 nm PEG-UCNPs labeled by radioactive '>*Sm,
which could be observed in the bladder from 0.5 to 6 h at a concentration of
5.28+0.2 %ID g' [36]. It should be noted that the particle size is the precondition
of renal excretion but not the only one. Gd,0;@SiO, nanoparticles without PEG
modification with 3.3 nm hydrodynamic diameter were found not to be excreted
from the body, but deposited in the liver and lung. Only the PEG-modified ones
could be found in the bladder 1 h after i.v. injection, indicating fast elimination by
renal excretion [44]. Regarding the time that is needed for the excretion, generally,
smaller particles excrete from the kidney faster, from hours to days, while bigger
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particles take longer time from weeks to months or even years. Gao et al. found that
it needed 1.4 days for PEG-coated UCNPs (~5 nm) to be half excreted. Yet, most of
the bigger counterparts (~19 nm) needed 7 days to be half excreted [45].

4.3.4 Cellular and In Vivo Toxicity of UCNPs

Quite a lot of studies have been performed to investigate the potential toxicity of
UCNPs in cells. Mitochondrial metabolic activity has been generally taken to evalu-
ate the influence of UCNPs on cell viability of normal or tumor cells. The most
adopted method is the well-known MTT method. To date, many studies have been
conducted with concentrations up to tens of 20 mg/mL and incubation time up to
hundreds of hours and the particle sizes ranging from several nanometers to hun-
dreds of nanometers. Nearly all the results reported more than 75 % of cell viability,
indicating the weak toxic effects of UCNPs on cellular level in vitro, which is usu-
ally considered one of the advantages of UCNPs comparing with other luminescent
nanoparticles such as quantum dots. On the other hand, some of the researches were
also done on the influence of UCNPs on cell behavior. Han’s group studied the
influence of UCNPs (a-NaYbF,:0.5 %Tm@CaF,) on the proliferation and differen-
tiation of mesenchymal stem cells. They found that PEI covalently conjugated
UCNPs had no short-term influence on the cell proliferation ability. The labeled
stem cells were able to undergo osteogenic and adipogenic differentiation under
in vitro induction. However, the osteogenesis of the labeled stem cells seemed to
have less potency comparing with the unlabeled cells [28].

For in vivo toxicology studies, related reports are relatively rare comparing with
the cytotoxicity studies. However, till now, the available published data have indi-
cated the safety of UCNPs at the dosage used for imaging and drug delivery. Zhang
et al. reported that mice treated with a dose of 10 mg/kg body weight of silica-
coated NaYF,:Yb,Er (~30 nm) did not show any significant difference in body
weight with the control group. And the health status and behavior of all the mice
were observed normal through the entire experiment. Moreover, all organ weights
were consistent among all the mice at all the time points ranging from 10 min to
7 days [46]. In a longer time range up to 115 days, Li’s group systematically studied
the long-term toxicity of PAA-coated UCNPs after i.v. injection. No abnormal indi-
cators, including eating and drinking behavior, fur color, exploratory behavior,
activity, and neurological status, were observed except a weak weight difference
compared with the control group [42]. Although there were no reports of abnormal
behavior and death after i.v. injection, the current evidence is still far from enough
to draw the conclusion that the UCNPs are safe for biology and medicine.
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4.4 UCNPs as Imaging Contrast Reagents

The upconversion property of UCNPs makes them very appealing for bio-imaging
studies due to their dark background for autofluorescence derived from biological
samples. The near-infrared excitation wavelength also permits deep tissue penetra-
tions. In addition to the non-blinking and stable properties, UCNPs can conduct
improved detection limits with large signal-to-noise ratio compared with classical
imaging probes, like organic dyes and quantum dots. For example, f-NaYF,:Er,Yb
nanocrystals were fabricated for luminescence imaging studies, and the nanoparti-
cles with size around 30 nm were found to have improved signal-to-noise ratio and
to be non-photobleaching and non-blinking (Fig. 4.9) [3]. After encapsulating with
amphiphilic polymer, the UCNPs can be dispersed in water solutions and further
incubated with murine fibroblasts and inoculated by endocytosis. In another exam-
ple, NaYbF,-based UCNPs have been synthesized with CaF, shell coating. Both
in vitro and in vivo imaging were performed with high contrast imaging properties
after tail vein injection to mouse, demonstrating the efficiency for practical imaging
researches [5] (Fig. 4.10).

Because many tumor cells overexpress corresponding transmembrane receptors,
UCNPs with small peptide labeling are particularly interesting for tumor-targeting
drug delivery tracking within complex biological systems. For example, peptide
motif of c(RGD) with high binding affinity to o,f; integrin receptor was used to
functionalize UCNPs for ex vivo and in vivo imaging studies. Intense luminescence
from the tumor could be observed 24 h after injection, while the luminescence from
liver was reduced significantly (Fig. 4.11). Also, due to the specific peptide labeling,
the afforded nano-system was found to have more affinity to U§7MG tumor cell line
compared with MCF-7 tumor, suggesting the potential application as cancer detec-
tion technique [38]. Another peptide, polypeptide neurotoxins, was shown to effec-
tively bind with many types of cancer cells of high specificity and affinity. For
instance, a typical neurotoxin peptide of recombinant chlorotoxin was used to con-
jugate with hexagonal-phase NaYF,:Yb,Er/Ce nanoparticles, which were later
injected into Balb/c nude mice [39]. The sensitivity and specificity of neurotoxin-
mediated UCNPs tumor targeting was readily imaged using 980 nm excitation.

UCNPs with folic acid modification were also developed for tumor-targeting
studies. In one case, folic acid-coupled NaYF,:Yb,Er UCNPs were fabricated and
exhibit effectiveness in targeting folate-receptor overexpressing HeLa cells in vitro
and HeLa tumors in vivo [37]. Therein, NaYF,: Yb,Er nanocrystals were fabricated
by a modified hydrothermal microemulsion strategy using 6-aminohexanoic acid.
The outside amine functional group of the resulting UCNPs not only conferred
excellent water solubilities but also enabled further modification by carboxylic
acid-activated folic acid. After the folic acid-modified UCNPs were injected into
HeLa tumor-bearing nude mice for 24 h, an upconverting luminescence signal
(around 650 nm) was observed in the tumor regions, while no significant lumines-
cence signal was detected for controlled mice injected with UCNPs without FA
modification.
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Fig. 4.9 Upconverted luminescence of individual water-soluble UCNPs. (a) Confocal upcon-
verted luminescent image of individual amphiphilic polymer-coated UCNPs (schematically shown
in the inset) sparsely dispersed on a clean cover glass. The laser power is approximately 10 mW,
equivalent to approximately 5x 10° W/cm?. Some of the bright luminescent spots represent multi-
ple UCNPs within the diffraction-limited area, generating saturated “white” spots in the image. (b)
A histogram of integrated emission intensity from over 200 upconverted luminescent spots, sug-
gesting that most of the luminescent spots are from single polymer-coated UCNPs. The data were
analyzed from confocal upconverted luminescent images over a 75x75 pm area, and the number
of saturated “white” spots was shown in the histogram as a blue bar. Such single water-soluble
UCNPs also exhibit exceptional photostability (¢) and non-blinking behavior (d) (Reprinted with
permission from Ref. [3]. Copyright 2009 Highwire press PNAS)
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Fig. 4.10 Example of lanthanide-doped UCNPs of core/shell structures with NIR-to-NIR optical
transitions and their application for small animal imaging studies plus illustration showing the bet-
ter penetration of NIR light in contrast with visible light (Reprinted with the permission from Ref.
[5]. Copyright 2012 American Chemical Society)

4.5 UCNPs as Drug Delivery Nanoplatform

4.5.1 UCNPs as Traditional Drug Delivery Tools

Using drug delivery carriers can greatly enhance the efficacy of pharmaceutical
payloads for the improved solubility, stability, and pharmacokinetics of drugs. A
wide variety of materials have been used as drug carriers, and more recently, fluo-
rescent quantum dots have been used as platforms of optical imaging-guided carri-
ers in real time in live organisms. However, the high toxic components in quantum
dots limited its further applications for studies in cells and small animals. UCNP
systems with unique optical and biocompatible components have emerged as prom-
ising candidates for traceable drug delivery.

Two of the most important UCNP-based drug delivery systems are hydrophobic
pockets and porous silica shell. In the first method, drugs are encapsulated into
“hydrophobic pockets” on the surface of UCNPs through hydrophobic interactions
(Fig. 4.12) [47]. For example, by functionalizing the nanoparticle surface with poly-
ethylene glycol-grafted amphiphilic polymer, hydrophobic pockets can form
between the hydrophobic side chains of the polymers and the oleic acid on UCNPs’
surface, thus enabling encapsulation of anticancer drug molecules (e.g., doxorubi-
cin). The releasing of doxorubicin can be controlled by pH, with increased dissocia-
tion rate in acid conditions, which is favorable for drug releasing in tumor cells. The
intracellular delivery process of doxorubicin can be monitored by a laser scanning
confocal microscope. In another way, drugs can be deposited in the pores of meso-
porous silica shell coated onto UCNPs. For example, ibuprofen was studied as a
model drug and loaded onto mesoporous silica-coated -NaYF,:Yb,Er UCNP fibers
by electro-spinning process [48]. Large ibuprofen loading amount can be performed
because of the high specific surface area and large pore volume of silica shell. After
loading ibuprofen, significant upconverting luminescence quenching will occur;
thus, the loading quantity can be determined by measuring the quenching extent,
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Fig. 4.11 Illustration scheme for UCNP-RGD and in vivo upconversion luminescence imaging of
subcutaneous US7MG tumor (left hind leg) and MCF-7 tumor (right hind leg) after intravenous
injection of UCNP-RGD conjugate over 24-h period (Reprinted with the permission from Ref.

[38]. Copyright 2009 American Chemical Society)
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Fig. 4.12 Schematic illustration of the UCNP-based drug delivery system. (a) As-synthesized
oleic acid capped UCNPs, (b) C18PMH-PEG-FA functionalized UCNPs, and (¢) DOX loading on
UCNPs. DOX molecules are physically adsorbed into the oleic acid layer on the nanoparticle sur-
face by hydrophobic interactions. (d) Release of DOX from UCNPs triggered by decreasing pH
(Reprinted from Ref. [47], Copyright 2011, with permission from Elsevier)

and more importantly, the subsequent drug releasing can be monitored by the recov-
ering of luminescence intensity.

4.5.2 Light-Controllable Drug Release Based on UCNPs

Releasing bioactive molecules or drugs at desired time and location is of great inter-
est for delivery systems development, in which way determinative therapeutic and
diagnostic consequence can be greatly enhanced with minimized side effects during
treatment. In addition, studies at directing cellular processes and disease regulation
would benefit from the delivery of multi-payloads in varied doses at different time
intervals [49, 50]. Among the release controlling methods, light-triggered molecular
cleavage has received growing interest, due to the well-defined time and spatial drug
releasing, thus offering unique precisely compared with other classical stimuli.
Using the upconversion properties of UCNPs, remote control of photo-release of
imaging probes and drug payloads has been demonstrated. For example, NIR light-
responsive cross-linked mesoporous silica-coated UCNP drug delivery conjugate
has been designed as photocaged nanocarriers (Fig. 4.13) [50]. The lanthanide-
doped UCNPs were first coated with silica shell and followed by polymerization of
1-(2-nitrophenyl)ethyl photocaged oligo(ethylene) glycol vinyl monomers.
Antitumor drug (doxorubicin) was able to be encapsulated in the hydrophobic pock-
ets within the aforementioned polymer. Under NIR light irradiation, the cleavage of
the cross-linked photocaged linker can be triggered by the upconverting emissions
from UCNPs, and precisely release of targeted drug can be performed at controlled
position and regulated time.
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Fig. 4.13 Illustration for photocontrolled DOX delivery through photocage mesoporous silica-
coated UCNPs (Reproduced from Ref. [50] by permission of John Wiley & Sons Ltd.)

4.5.3 UCNPs for Gene Delivery

The limitation for gene therapy is designing effective gene delivery vectors for spe-
cific and controllable delivering gene cargoes into living cells and tissues. There is
a growing interest for developing nonviral synthetic nanocarriers for gene delivery
[51]. Such carriers require four important factors, namely, (1) biocompatible, (2)
traceable by long-term and real-time imaging, (3) controllable release, and (4) tar-
geting. UCNPs have been employed to deliver nucleic acids in gene therapy and
exhibit promising benefits. For example, silica-coated -NaYF,:Yb, Er UCNPs were
used to track the delivery of siRNA into cells using luminescence resonance energy
transfer system for studying the intracellular uptake, release, and biostability of
UCNP-bound siRNA in live cells [52]. In this system, cationic silica-coated
-NaYF,:Yb, Er acts as the donor and the siRNA-intercalating dye BOBO-3 as the
corresponding acceptor. Under 980 nm excitation, the nanoparticles emit upcon-
verted fluorescence at the wavelength of 543 nm, which was consequently absorbed
by BOBO-3-stained siRNA (siRNA-BOBO3) acceptor via overlapped absorption
band. These UCNPs were shown to bind and protect siRNA from RNase cleavage
and to effectively deliver siRNA into cells. Under excitation at 980 nm, when the
amino-modified UCNPs were bound with BOBO-3-stained siRNA, energy was
allowed to transfer from UCNPs to BOBO-3 and consequently generate character-
istic BOBO emissions at 602 nm (Fig. 4.14). Once the siRNA was separated from
UCNPs, the energy transfer process was inhibited. The results showed that siRNA
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Fig. 4.14 Schematic drawing of FRET-based UCN/siRNA-BOBO3 complex system. siRNA is
stained with BOBO-3 dyes, and the stained siRNA is attached to the surface of NaYF,:Yb,Er
nanoparticles. Upon excitation of the nanoparticles at 980 nm, energy is transferred from the donor
(UCN) to the acceptor (BOBO-3) (Reprinted with the permission from Ref. [52]. Copyright 2010
American Chemical Society)

could gradually release from the UCNPs’ surface into the cytoplasm over 24 h.
Subsequently, similar strategy was used to monitor green fluorescent protein (GFP)-
encoded plasmid DNA delivery and release in live cells [53].

4.6 UCNPs as Phototherapeutic Reagents

4.6.1 Photodynamic Therapy

Typical photosensitizer is capable of excitation under visible light and generates
cytotoxic reactive oxygen species (ROS) which can be used to kill tumor cells. Only
light, neither toxic nor invasive, is used as the therapeutic reagents in such process,
namely, photodynamic therapy (PDT) [54]. Yet, such wavelength of light has rather
limited tissue penetration depth (<1 cm). A promising nanocarrier and energy donor
for these sensitizers is NIR-excitable UCNPs [55]. The design of UCNP-based PDT
system includes the aforementioned UCNPs, surface coating, and the hereafter pho-
tosensitizers. Ideally, a photosensitizer should have good ROS production effi-
ciency, a high absorption coefficient at longer wavelengths for better tissue
penetration, amphiphilicity, low dark toxicity, ease of synthesis, and ease of formu-
lation in aqueous solvents for in vivo delivery. Several different kinds of photosen-
sitizers have been developed for PDT, and they can be broadly classified into
chemical groups such as porphyrins, phthalocyanines, chlorins, 5-aminolevulinic
acid (ALA), and naphthalocyanines; photosensitizers like porfimer sodium, temo-
porfin, 5-aminolevulinic acid, methyl aminolevulinate, hexyl aminolevulinate, tala-
porfin sodium, aluminum phthalocyanine disulfonate, tin ethyl etiopurpurin, and
verteporfin have been approved for clinical use [8].

For example, tris(bipyridine)ruthenium(Il) (Ru(bpy):*)-doped SiO, shell was
used to encapsulate NaYF,:Yb,Tm core [56]. Under 980 nm excitation, the blue
emission from Tm?* could be absorbed by 'O, generator Ru(bpy);**, and the



158 Z.Lietal

consequently generated 'O, could be detected by chemical method. For the purpose
of increase loading amount of photosensitizer, NaYF,:Yb,Er nanoparticles were
fabricated with 100 nm size, and 10 wt.% photosensitizer loading ratio was achieved
by coating meso-tetraphenylporphine in poly(ethylene glycol-block-(DL)lactic
acid) [57]. Using this system, efficient cancer cell killing activity was observed on
NIR excitation, with low cytotoxicity in the absence of NIR light. Moreover, in vivo
UCNP-based PDT system was introduced by non-covalently incorporating photo-
sensitizing porphyrin derivative into amphiphilic polymer-coated NaYF,:Yb,Er
nanoparticles. Excellent tumor regression was observed under 980 nm CW laser
excitation, plus low toxicity and gradual clearout from mouse organs (Fig. 4.15)
[58].

Recently, we developed high Yb-doped UCNPs with a biocompatible CaF, shell
with an optimal 15-fold increase in red emissions compared to their hexagonal
phased counterparts. The absolute quantum yield of R-NaYF4:80 %Yb,2 %Er@

a
980 nm
10,(singlet excited state)
NIR light
302 (triplet ground state)
With Laser

b
Saline
UCNP-Ceb6

Fig. 4.15 (a) A schematic drawing showing NIR-induced PDT using UCNP-Ce6. (b)
Representative photos of mice after various treatments indicated at the sixth day (Reprinted from
ref. [58], Copyright 2011, with permission from Elsevier)
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CaF2 is measured to be 3.2+0.1 %, the highest reported value for red emissions.
Furthermore, we demonstrate conjugating ALA (aminolevulinic acid), a clinically
used prodrug for the red absorbing photosensitizer PpIX, to the UCNP surface via a
hydrazone linkage, giving us exquisite control over their PDT effect in the cell. This
photodynamic therapy system was tested for its therapeutic potential: it exhibited
strong singlet oxygen generation and ~70 % cell death after 20 min of NIR irradia-
tion. Furthermore, significant cell death (~30 %) was produced in simulated deep
tumor conditions with as much as 12 mm of pork tissue and a biocompatible low
power density of 0.5 W/cm?, while ALA-UCNPs based on the known optimal red-
emitting UCNP cannot. Finally, in vivo mice models of tumors when treated with
these ALA-UCNPs demonstrated size reduction significant from the controls even
under 12 mm of pork tissue (the greatest depth at which UCNP PDT has been
achieved), while clinically used red light could not (Fig. 4.16) [59]. This study
marks an important step forward in biocompatible photodynamic therapy utilizing
UCNPs to effectively access deep-set tumors at a low irradiation power density. It
may also provide new opportunities for a variety of applications using upconverting
red radiation in photonics and biophotonics.
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Fig. 4.16 In vivo volume of tumors exposed to various controls and ALA-UCNPs with red and
near-infrared irradiation (0.5 w/cm?) in simulated deep tumors. Growth control, untreated tumors;
UCNPs alone, tumors exposed to ALA-UCNPs without irradiation; red and 980 nm, tumors simul-
taneously exposed to red and NIR light both at 0.5 w/cm? but no ALA-UCNPs; UCNPs+red+0 mm,
tumors exposed to ALA-UCNPs and clinically used red light; UCNPs+red+6 mm, tumors 6 mm
deep exposed to ALA-UCNPs and clinically used red light; UCNPs+red+12 mm, tumors 12 mm
deep exposed to ALA-UCNPs and clinically red light; UCNPs+980 nm+0 mm, tumors exposed to
ALA-UCNPs and NIR light; UCNPs+980 nm+ 6 mm, tumors 6 mm deep exposed to ALA-UCNPs
and NIR light; UCNPs+980 nm+12 mm, tumors 12 mm deep exposed to ALA-UCNPs and NIR
light. Statistical significance was determined from one-way t-tests; significance (8) was based on
p<0.05 and P>0.05 for not significant (**) pairs (Reprinted with the permission from Ref. [59].
Copyright 2014 American Chemical Society)
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4.6.2 Photothermal Therapy

The basic model for photothermal therapy (PTT) is in part similar with PDT, in
which vibrational energy (heat) is generated from photosensitizer for cell killings
[60]. -NaYF,:Yb,Er nanoparticles were coated with silver shell with stronger plas-
monic resonance performance, and PTT was applied in vitro on HepG?2 and BCap-
37 cells from human hepatic cancer and human breast cancer separately [61].

In order to achieve a multimodal cancer therapy, multifunctional core/satellite
nanotheranostic was developed by attaching ultrasmall CuS nanoparticles onto the
surface of silica-coated UCNPs (Fig. 4.17). These nanocomposites exhibit many
advantages as multifunctional nanotheranostics, such as (1) NIR light can be trans-
ferred to local thermal energy for photothermal therapy agents; (2) Z elements (Yb,
Gd, and Er) can cause large local radiation dose enhancement around nanoparticles
as radiosensitizers; and (3) UCL/MR/CT trimodal imaging could be simultaneously
performed with this multifunctional nanotheranostic. This development laid the
groundwork for the image-guided therapy in the future [62].

4.6.3 Combined PDT/PTT

A surface functionalization strategy was developed for UCNPs by coating those
nanoparticles with BSA protein [63]. In such a UCNP@BSA system, the Gd-based
UCNPs, which are useful contrast agents for dual modal optical/MR imaging, in the
mean time are able to trigger photodynamic therapy under NIR light by resonance
energy transfer if coupled with photosensitizers. On the other hand, the BSA coat-
ing not only improves the physiological stability of UCNPs but also could serve as
a delivery platform to load various molecules with therapeutic functions. RB, a
photodynamic agent, together with IR825, a photothermal agent, is simultaneously

b 30 day 60 day
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Fig. 4.17 (a) Illustration of nanocarriers for enhanced photothermal ablation and radiotherapy
synergistic therapy; (b) photographs of mice in 30, 60, 90, and 120 days of treatment, showing
complete eradication of the tumor and no visible recurrences of the tumors in at least 120 days
(Reprinted with the permission from Ref. [62]. Copyright 2013 American Chemical Society)
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loaded on UCNP@BSA for combined phototherapy of cancer, demonstrating out-
standing synergistic antitumor effect in our animal experiments. Although further
studies are still ongoing in our laboratory aiming at achieving combination therapy
of cancer upon systemic administration (e.g., intravenous injection) of such UCNP-
based theranostic agent, our work presents a new design of a simple nanoplatform,
in which multiple imaging and therapy functions can be integrated together for
imaging-guided cancer combination therapy (Fig. 4.18).

4.7 Conclusion and Prospects

In the past decade, we have witnessed the rapid development of UCNPs both in
synthesis and applications. The unique optical properties and outperformed chemi-
cal and physical behaviors of UCNPs make them attractive candidates for bio-
related applications, especially bio-imaging, drug delivery, and photodynamic
therapy. Their UV/vis emission can be excited by biotissue-penetrable NIR light,
which endows them deep tissue applications such as remote switchable smart bio-
devices and NIR-driven PDT process. However, the upconversion efficiency of
lanthanide-based UCNPs is still very low, especially under low power density exci-
tation. Moreover, it is still challenging to generate small UCNPs, especially sub-
10 nm, without sacrificing the upconversion efficiency. In addition, the development
of commercially available systems of more versatile UCNPs with unique excitation
and emission wavelength is critical to expand the applications of UCNPs.
Meanwhile, further work is needed for better understanding the uptake, release rate,
and toxicity of UCNPs for harnessing these nanoplatforms for applications in pho-
tonics and biophotonics.

Rose bengal (RB)

Fig. 4.18 A schematic illustration to show the synthesis of UCNP@BSA-RB&IR825 nanocom-
plex and the mechanism of both PDT and PTT therapies based on this system (Reprinted from
Ref. [63], Copyright 2014, with permission from Elsevier)
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Chapter 5

Engineering Upconversion Nanoparticles
for Multimodal Biomedical Imaging-Guided
Therapeutic Applications

Wenpei Fan, Jianlin Shi, and Wenbo Bu

Abstract As one of the most important branches of nanotechnology, nanotheranos-
tic medicine that aims at integrating diagnostic/therapeutic functions in one system
is expected to provide novel strategies for accurate imaging-guided therapy of
human major diseases like cancer. Among various inorganic or organic theranostic
probes, lanthanide-doped upconversion nanoparticles (UCNPs) demonstrate supe-
rior advantages in upconversion luminescent imaging by contrast with traditional
luminescent probes as well as great potential in the development as multimodal
imaging (e.g., magnetic resonance imaging, computed tomography imaging, etc.)
probes by the selective doping of various functional ions (e.g., Gd**, Yb**, Ho*,
etc.). Furthermore, by suitable surface engineering (e.g., mesoporous silica coating,
biological molecule conjugation etc.), UCNPs can simultaneously serve as delivery
vehicles of drugs/photosensitizers for multimodal therapeutic applications (e.g.,
chemotherapy, photodynamic therapy, etc.) under the above significant multimodal
imaging guidance. Herein, we summarize and discuss the very recent progresses in
the engineering of UCNPs for multimodal imaging-guided therapeutic applications.

Keywords Upconversion nanoparticles * Nanotheranostic medicine * Hydrophilic
modification * Multimodal imaging * Synergetic therapy ¢ Imaging-guided therapy

5.1 Introduction

As a new generation of luminescent probes, lanthanide-doped upconversion
nanoparticles can convert low-energy/long-wavelength near-infrared (NIR) light
into high-energy/short-wavelength visible or ultraviolet (UV) light [1, 2]. Unlike
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the traditional organic dyes or quantum dots that need ultrashort-pulsed laser excita-
tion due to their nonlinear multiphoton absorption, UCNPs can be excited by low-
cost continuous-wave diode laser for upconversion luminescence emission [3].
More importantly, UCNPs demonstrate unique advantages in upconversion lumi-
nescent (UCL) imaging that could not be achieved by other luminescent probes,
such as high sensitivity, superior photostability, large anti-Stokes shift, sharp emis-
sion bandwidths, extremely weak autofluorescence, deep penetration of NIR light
excitation, and so on [4-7]. Besides, by doping various rare earth ions (e.g., Er**,
Tm?*, Eu*, Tb*, etc.) into the UCNPs lattice, diverse wavelengths of UV/vis light
can be simultaneously emitted for multicolor luminescent imaging upon a single
NIR source excitation [8—10].

Another unique feature of UCNPs in bio-imaging is the realization of multi-
modal imaging by incorporating special functional ions into the crystal lattice. For
example, Gd**-doped UCNPs can be used as contrast agents for magnetic resonance
imaging (MRI) [11, 12]. The doping of some high-Z heavy metal ions (e.g., Yb**,
Ba’*, Bi**, Lu’*, etc.) can realize enhanced computed tomography (CT) imaging
[13-15]. The introduction of some radionuclides like "*F/'3*Sm can offer UCNPs
with positron emission tomography (PET) and even single-photon positron emis-
sion tomography (SPECT) imaging capabilities [16—19]. Therefore, by the selective
co-doping of the above functional ions, multimodal imaging probes based on
UCNPs can be successfully designed by integrating MRI/UCL/CT/PET modalities
in a single system, which may contribute to future accurate diagnosis of big
diseases.

By suitable surface engineering, UCNPs can even used for multimodal imaging-
guided therapeutic applications. For example, mesoporous silica-coated UCNPs
serve as drug vehicles for enhanced chemotherapy [20-23]. Moreover, based on the
fluorescence resonance energy transfer (FRET) from UCNPs to some photosensitiz-
ers, photodynamic therapy (PDT) [24-28] can be achieved on deep-seated tumors
upon NIR irradiation. By the co-delivery of drugs/photosensitizers/radiosensitizers,
the three major treatments of chemo-/radio-/photodynamic therapy can be inte-
grated in a single UCNP-based system. Therefore, UCNPs can be developed into
the next generation of theranostic medicine for multimodal imaging-guided therapy,
which may substantially enhance the diagnostic/therapeutic efficacy.

Herein, we will summarize the latest studies regarding the engineering of UCNPs
for multimodal imaging-guided therapeutic applications. The useful strategies for
hydrophilic surface modifications of UCNPs are introduced. Particularly, the recent
progress of UCNPs in multimodal biomedical imaging (e.g., MR/UCL, MR/UCL/
CT, etc.) as well as imaging-guided therapeutic applications (photodynamic ther-
apy, radiotherapy, etc.) are emphasized and highlighted. Finally, the current
challenges and future research directions of UCNPs are also outlooked. We hope
that this chapter can offer researchers in this field a timely and comprehensive figure
of the recent developments in UCNP-based nanotheranostics and attract increasing
attentions among researchers in other related fields and even nonspecialists as well.
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5.2 Hydrophilic Surface Modification of UCNPs

So far, among the various synthetic approaches for UCNPs, the hydrothermal
method and thermal decomposition method are the two widely used strategies for
the fabrication of high-quality, single-crystal, monodispersed UCNPs. However, the
synthesized UCNPs are usually not soluble in water due to their hydrophobic sur-
face capped by oleic acid (OA) or oleylamine (OM), so the suitable surface modifi-
cation may be a key step to make UCNPs water dispersible and suitable for the
following biomedical functionalization and applications. A variety of surface modi-
fication strategies [2, 6, 8] have been successfully adopted to transfer hydrophobic
UCNPs into water, and the most frequently used three modification methods (poly-
mer coating, ligand-free synthesis, silica coating) will be briefly discussed in the
following sections.

5.2.1 Polymer Coating Modification

Some biocompatible polymers can be capped onto the surface of UCNPs by replac-
ing the OA/OM ligands, which can not only make UCNPs well dispersible in water
but also functionalize UCNPs for biomedical use. For example, Yin et al. [29]
described a general ligand-exchange method to replace hydrophobic OA ligands at
an elevated temperature (~240 °C) in a glycol solvent. Those short-chain hydro-
philic polyelectrolyte molecules (such as poly(acrylic acid) (PAA), poly(allylamine)
(PAAm), and poly(sodium styrene sulfonate) (PSS)) could be coated on UCNPs
based on the strong coordination of their functional groups to the UCNP surface.
Van Veggel et al. [30] reported an efficient technique to use the PEG—phosphate
ligand for the replacement of OA ligands, thus producing water-dispersible UCNPs
that can be further conjugated with various functional biomolecules. Then, they
further developed a facile ligand-exchange strategy to use polyvinylpyrrolidone
(PVP) to replace OA ligands and transfer UCNPs into water without aggregation by
refluxing in 1:1 DMF-DCM at 100 °C for 6 h [31]. More interestingly, Li et al. [32]
reported a simple yet versatile method for using the Lemieux—von Rudloff reagent
to directly oxidize the oleic acid ligands on the UCNP surface, thus yielding water-
soluble and carboxylic acid-functionalized UCNPs capable of conjugating with
other proteins. Lin et al. [33] also modified hydrophilic sodium dodecyl sulfate
(SDS) on the surface of OA-UCNPs by heating at 60 °C to evaporate the chloroform
solution. In addition, other biocompatible polymers, such as PAH [34], PEI [35],
HAD [36], 3MA [37], MSA [38], and PAMAM [39], have also been successfully
used to replace the OA ligands to render modified UCNP excellent water dispersity/
stability, which may also improve the biocompatibility of UCNPs for the following
biomedical applications.
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5.2.2 Ligand-Free Synthesis Modification

In order to render the original hydrophobic UCNPs water soluble by completely
removing the OA ligand, the ligand-free synthesis method has been developed to
make the modified hydrophilic UCNPs capable of directly conjugating with those
biocompatible molecules with electronegative groups (-COOH, NH,, etc.) for fur-
ther biomedical applications. The OA ligand on the surface of UCNPs can be thor-
oughly removed by acidic treatment or longtime sonication in excess ethanol. For
example, Xu et al. [40] found that the OA ligand on the surface of UCNP nanocrys-
tals could be washed away by excess ethanol under ultrasonic for four times. In
addition, after being treated with a HCI solution (pH=4), Capobianco et al. [41]
reported that the OA ligand could be removed, thus yielding positively charged
ligand-free UCNPs with high stability and dispersity. These synthesized ligand-free
UCNPs could be used for further conjugation with biological molecules like hepa-
rin [42], TAT [43], etc., which will make UCNPs target the specific tumors or the
cell nucleus.

5.2.3 Silica Coating Modification

Due to the high biocompatibility and easy surface modification, inorganic silica was
usually coated on the surface of hydrophobic nanocrystals to endow them with high
water stability as well as easy conjugation with other functional biomolecules.
There are two chemical strategies for the dense silica coating on UCNPs. One is the
Stober method, which can be used to coat uniform silica on the surface hydrophilic
UCNPs by the addition of TEOS into mixed solution of water/ethanol/ammonia.
For example, van Veggel et al. utilized this method to coat thickness controllable on
LaF;: Yb**/Er* nanoparticles [44]. The other is the reverse emulsion method [45—
49] that is extensively adopted to coat dense silica on hydrophobic UCNPs. Zhang
et al. [50] successfully coated a very thin and uniform dense silica shell on hydro-
phobic NaYF,: Yb/Er/Tm nanocrystals by using a reverse emulsion method to pro-
duce monodisperse NaYF,:Yb/Er/Tm@SiO, nanoparticles. Our group [51] also
employed this method to coat a thickness-controllable silica shell on NaYF,:Yb/Er
nanoparticles by changing the adding amount of TEOS, which was then functional-
ized with APTES to attach small Au nanoparticles.

In addition to dense silica, mesoporous silica was also frequently coated on
UCNPs to fabricate UCNPs@mSiO, nanoparticles, which could serve as delivery
vehicles of drugs, photosensitizers, etc. As expected, the integration of UCNPs with
mesoporous silica can achieve the combination of fluorescent imaging and drug-
delivered chemotherapy, which may be developed as a new generation of imaging-
guided nanotheranostics. Zhang et al. [25] reported the successful coating of
mesoporous silica on UCNPs to encapsulate photosensitizer ZnPc for photody-
namic therapy under NIR excitation. Our group [52] coated a thickness-dependent



5 Engineering Upconversion Nanoparticles for Multimodal Biomedical... 169

mesoporous silica shell on UCNPs by simply adjusting the TEOS addition amount.
Lin et al. [53] also coated mesoporous silica on CTAB-modified UCNPs to load
anticancer drug DOX for targeted imaging and chemotherapy. In a word, the silica
coating method may provide an extremely useful platform for fabricating multi-
functional UCNP-based nanostructures in addition to the hydrophobic—hydrophilic
transition. However, the remaining excess surfactants may cause low colloidal sta-
bility and potential toxicity over time. Therefore, the development of more advanced/
efficient surface modification strategies that ensure long dispersity/stability of
UCNPs in physiological environment will be the next topic of research.

5.3 Engineering UCNPs for Multimodal Biomedical Imaging

After hydrophilic modification, UCNPs can serve as an excellent luminescent probe
for in vitro and in vivo UCL imaging due to their incomparable superiorities (e.g.,
low autofluorescence interference, high photostability, etc.) over quantum dots/
organic dyes [54]. Moreover, by the co-incorporating of multiple functional ions
(e.g., Gd*, Ba*, Mn*, etc.), UCNPs can be developed into a promising multimodal
imaging probe based on the integration of other molecular imaging techniques
(MRI/CT/PET/SPECT) with UCL into one single system [8]. Since no single imag-
ing modality is perfect because of its intrinsic drawbacks, the design of multimodal
imaging probes by engineering UCNPs may integrate all the advantages of different
imaging modalities as well as provide multi-aspect imaging information necessary
for the accurate diagnosis in the future.

5.3.1 UCNEPs for Single-Modality UCL Imaging
5.3.1.1 UCNPs for Multicolor UCL Imaging

A unique feature lies in UCNPs that their upconversion luminescent (UCL) emis-
sion spectra can be well turned by selectively doping various rare earth ions to real-
ize multicolor UCL imaging [55]. For example, by only changing the luminescent
ions and adjusting their doping concentrations, Liu’s group [56] synthesized a series
of PEGylated UCNPs with different UCL emission colors: UCNPI1
(NaY75Ybg ErgFs), UCNP2  (NaYgeYbosErgnFs), and UCNP3 (NaYyss
Yb,,Tmy,F,). When subcutaneously injected into a rat, multicolor UCL imaging
was demonstrated in vivo upon 980 nm laser excitation (Fig. 5.1a). Based on the
same method, Hao et al. [57] also realized the tunable multicolor (from blue to
white to yellow) fluorescence emission in hexagonal phase NaGdF,: Yb/Tm/Ho
nanorobs by simply adjusting the Ho** concentrations.

Another approach for realizing multicolor UCL imaging is to modulate the lumi-
nescence emission spectra of UCNP-QD (organic dyes) complex based on lumines-
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Fig. 5.1 (a) Multicolor UCL imaging: (a) UCL emission spectra of three UCNP solutions under
980 nm NIR laser excitation; (») a multicolor fluorescence image of three UCNP solutions obtained
by the Maestro in vivo imaging system (CRi, Inc.); (¢) a white light image of a mouse subcutane-
ously injected with UCNPs; (d—f) in vivo multicolor images of a nude mouse subcutaneously
injected with different UCNP solutions; (g) three colors of UCNPs were clearly differentiated after
spectral unmixing. (b) Multicolor in vivo UCL imaging of LRET-tuned UCNPs in mice: (a) UCL
emission spectra of solutions of UCNP1, UCNP2, UCNP1/RhB, UCNPI1/R6G, and UCNP1/TQI.
Insert: down-conversion fluorescence spectra of RhB and R6G under green light excitation. (b—g)
In vivo multicolor UCL images of a nude mouse subcutaneously injected with five colors of UCNP
solutions after spectral unmixing. (7) A white light image of the imaged mouse. (i—k) In vivo mul-
ticolor down-conversion fluorescence images of the mouse under green light excitation ((a)
Reprinted from Ref. [56], with kind permission from Springer Science+Business Media. (b)
Reprinted with the permission from Ref. [9]. Copyright 2011 American Chemical Society)
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cence resonance energy transfer (LRET) from UCNP core to QDs (or organic dyes).
In the work by Liu et al. [9], organic dyes (RhB/R6G/TQ1) were integrated with
UCNPs by hydrophobic force to make a multicolor UCL imaging probe with tun-
able luminescence emission based on the LRET under NIR excitation. As shown in
Fig. 5.1b, by subcutaneously injecting five different UCNP solutions (UCNPI,
UCNP1/RhB, UCNP1/R6G, UCNP1/TQI1, and UCNP2) into the back of nude
mice, five different colors were obtained after spectral deconvolution, which clearly
demonstrated the UCL imaging of different colors at their corresponding injection
sites without noticeable interference (parts b—h of Fig. 5.1b). Based on the same
LRET strategy, Kim’s group designed the UCNP-QD complex system for multi-
color imaging upon different wavelengths of light excitation [58].

5.3.1.2 UCNPs for Tracking UCL Imaging

Thanks to the extremely low autofluorescence of UCL imaging, UCNPs can be used
for in vitro cell labeling as well as in vivo tracking. For example, Zhang et al. [59]
used silica-coated UCNPs to dynamically track live myoblast cells in vitro and
transplanted cells in a living mouse model in vivo. Then Li et al. [60] fabricated
strong luminescent UCNPs (f-NaLuF,: Gd/Yb/Tm) to label KB cells in vivo with
high tracking sensitivity. The corresponding detection limits are 50 and 1,000
UCNP-labeled KB cells for subcutaneous and intravenous injection, respectively
(Fig. 5.2a, b). Moreover, high-contrast deep-seated UCL imaging of a whole-body
black mouse was also achieved with a large penetration depth of ~2 cm.

Besides cancerous cells, mesenchymal stem cells (MSCs) can be also labeled by
UCNPs. In a recent study by Liu’s group [61], oligoarginine-conjugated UCNPs
were used for highly efficient MSC labeling and in vivo long-term tracking with
ultrahigh sensitivity at nearly the single-cell level, which can hardly be achieved by
other exogenous fluorescent or magnetic labeling probes. More importantly, the
UCNP-based MSC labeling/tracking approach would not affect the proliferation
and differentiation of MSCs over a course of 2 weeks, and as few as ten UCNP-
labeled cells were successfully detected in vivo, thus demonstrating the super
advantages over other stem cell labeling techniques. On this basis, they further
designed multifunctional UCNPs@IONPs@ Au composite (MFNPs) for in vitro
labeling and in vivo tracking of MSCs by both UCL optical and MR imaging tech-
niques, which also achieves a ultrahigh tracking sensitivity with as few as ~ 10 cells
detectable in a mouse (Fig. 5.2c, d) [62]. Under a magnetic field, MFNP-labeled
MSC:s after being injected into mice can be remotely controlled and magnetically
targeted and delivered to the wound site for enhancing the tissue-repairing efficacy
(Fig. 5.2e, f), which demonstrates a promising prospect for future magnetic/lumi-
nescent imaging-guided MSC therapy applications.
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Fig. 5.2 (a, b) In vivo UCL imaging of athymic nude mice after (a) subcutaneous injection of
50 KB cells and (b) vein injection of 1,000 cells. The KB cells were incubated with 200 pgmL
p-NaLuF,: Gd/Yb/Tm nanoparticles for 2 h. (c—f) In vivo tracking of MFNP-labeled mMSCs: (c)
A UCL image of a mouse subcutaneously injected with various numbers of mMSCs (~10-10%)
labeled with MFNP-PEG. (d) Quantification of UCL signals. (e) A scheme showing that the
wound-bearing mouse was anesthetized by isoflurane inhalation and i.p. injected with MFNP-
labeled mMSCs. A magnet was attached to the left-side wound for 6 h before imaging. (f) In vivo
MR image of the wound-bearing mouse. (g, h) UCL imaging of blood vessels in the mouse ear
following tail vein injection of PEG-coated Y,0;:Yb/Er nanoparticles; (g) blood vessels imaged
with a blue light filter. (h) UCL image with excitation at 980 nm. (i, j) MR angiography of rabbits
within 3 min after injected with the i NaGdF4 nanodots or (j) Magnevist: abdominal aorta (AA) and
inferior vena cava (/VC) ((a, b) Reprinted with the permission from Ref. [60]. Copyright 2011
American Chemical Society. (c—f) Reprinted with the permission from Ref. [62]. Copyright 2013
Wiley-VCH Verlag GmbH & Co. KGaA. (g, h) Reprinted with the permission from Ref. [66].
Copyright 2009 Royal Society of Chemistry. (i, j) Reprinted with the permission from Ref. [67].
Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA)

5.3.1.3 UCNPs for Tumor-Targeted UCL Imaging

Tumor-targeted imaging plays a very important role in cancer diagnosis and the fol-
lowing imaging-guided positioned therapy. By the attachment of some special tar-
geting ligands, UCNPs can be efficiently accumulated in tumors for high-contrast
UCL imaging upon NIR light excitation. In 2009, Li’s group firstly realized the
in vivo tumor-targeting UCL imaging by using folic acid (FA)-modified UCNPs
[63]. As a widely used targeting agent, FA has a high affinity for folate receptors
(FR) that are overexpressed in many human cancerous cells like HeLa. Therefore,
after intravenous injection of FA-modified UCNPs into HeLa tumor-bearing nude
mice for 24 h, strong UCL signal appeared in the HeLa tumor region, while no UCL
signal was observed in the control group (mice intravenously injected with amine-
modified UCNPs), thus demonstrating excellent tumor-targeted UCL imaging.
Besides FA, RGD (arginine—glycine—aspartic acid) peptide can target o,f;-integrin
receptor overexpressed tumors. In about 4 h postinjection of RGD-modified UCNPs,
Li et al. observed obvious UCL signal in the U§7MG tumor (expressing high levels
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of integrin «,f;) as compared to invisible signal in MCF-7 tumor (expressing low
levels of integrin a,f;) [64]. Our group also successfully used RGD-conjugated
BaYbFs:Tm nanoparticles for targeted UCL imaging of U8S87MG tumor [15].
Besides subcutaneously xenotransplanted U§7MG tumors, the UCL imaging intra-
cranial glioblastomas have been also realized by attaching a dual-targeting ligand
ANG to UCNPs [65], which can efficiently cross the blood—brain barrier (BBB) and
target the glioblastoma for UCL imaging diagnosis. Therefore, in order to realize
highly efficient tumor-targeting UCL imaging, superior targeting ligands with
strong binding affinity should be designed for the rich accumulation of UCNPs in
tumors, which will be a research hotspot in the future.

5.3.1.4 UCNPs for Vascular UCL Imaging

Up to date, the early diagnosis of vascular permeability and vessel functional abnor-
mality can help efficiently prevent the vascular diseases which have been another
major threat to human health. Due to the high sensitivity and photostability without
autoluminescence, UCNPs may serve as an advanced imaging tool for visualizing
blood vessels in vivo. The first report of using UCNPs for vascular UCL imaging is
Hilderbrand’s group [66], who synthesized PEG-coated Y,0;:Yb/Er nanoparticles
with UCL emissions centered at 660 nm for strong red luminescent blood pool
imaging in vivo upon NIR irradiation. The ear blood vessel could be clearly visual-
ized by intravenous injection of UCNPs under a whole-field-illumination upconver-
sion microscope (Fig. 5.2g, h). Then Zhang et al. also used silica-coated UCNPs
(NaYF,:Yb/Er@SiO, nanoparticles) for the live myoblast cell tracking as well as
ear blood vessel UCL imaging via tail vein injection [59]. However, as limited by
the relatively low spatial resolution, luminescent imaging fails to distinguish the
whole blood vessels more clearly, which can be improved by magnetic resonance
(MR) imaging or other high-resolution imaging tools. For example, our group syn-
thesized ultrasmall NaGdF, nanoparticles (with a high r, value of 8.93 mM-!s™!) for
high-resolution blood pool MR imaging with the abdominal aorta (AA) and inferior
vena cava (IVC) distinctly delineated (Fig. 5.2i, j) [67]. More importantly, the sub-
vascular details and micrangium can be also clearly distinguished, which can con-
tribute to the accurate diagnosis of vascular pathema or other vascular diseases.

5.3.1.5 UCNPs for Lymphatic UCL Imaging

As most cancerous cells frequently metastasize to the local lymph nodes, the iden-
tification of sentinel lymph nodes based on the lymphatic imaging is of essential
importance for monitoring the tumor metastasis and guiding the surgical operation.
As an excellent luminescent probe, UCNPs have been used by many researchers for
high-contrast UCL imaging of lymph nodes without autofluorescence. The first use
of UCNPs for lymphatic UCL imaging is Kobayashi’s group [68], who directly
captured the lymph node pictures without post-processing. Then Li et al. [69] and
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Liu et al. [56] also successfully realized the lymphatic capillary UCL imaging of
small animals with high signal to noise ratio upon relatively low power density of
NIR irradiation (Fig. 5.3a, b). More interestingly, by intracutaneous injection of
three different kinds of UCNPs with multicolor emission, strong multicolor UCL
imaging signals appeared in the three primary lymph nodes where each color of
UCNPs migrated via lymphatic drainage (Fig. 5.3a), thus demonstrating the advan-
tages of UCNPs in multicolor lymphatic UCL imaging. However, due to the limited
penetration depth of NIR irradiation, deep-seated lymph nodes can’t be achieved by
UCL imaging, which needs the exploration of more advanced imaging modalities,
such as PET imaging with high sensitivity and unlimited penetration.

—_————
Third Fourth Second Third

Fig. 5.3 (a) In vivo multiplexed lymphangiography with UCNPs: (a) a schematic illustration of
UCNP-based lymph node mapping; (b) a white light image of a mouse injected with UCNPs; (¢) a
three-color spectrally resolved in vivo UCL image showing different UCNP colors from the cor-
responding lymph nodes under the skin; (d) a white light image of the same mouse after dissection;
(e) a UCL image of the dissected mouse. (b) In vivo lymphatic drainage UCL imaging at 800 nm
was clearly detected at four different draining lymph basins (/, 2, 3, 4) along the right antebra-
chium of the nude mouse. Detection of upconversion luminescence in (a) prostrate or (b) lateral
position. (¢) The lymphatic drainage UCL imaging after removal of skin and fatty tissues. (c)
CLSM images of U87MG cells loaded with nanosensors and exposed to cycles of normoxia (a, c,
e, g) and hypoxia (b, d, f, h) conditions for 6 h. (d) CLSM images of living zebrafish embryos after
injection of nanosensors followed by adding BDM. UCL images were obtained under the excita-
tion at 980 nm and emission at 550—-650 nm. After adding freshwater, red emission in the brain was
quenched under NIR exposure ((a) Reprinted from Ref. [56], with kind permission from Springer
Science+Business Media. (b) Reprinted with the permission from Ref. [69]. Copyright 2011
Elsevier B. V. (¢, d) Reprinted with the permission from Ref. [71]. Copyright 2014 American
Chemical Society)
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5.3.1.6 UCNPs for Hypoxic UCL Imaging

As a principal signature of solid tumors, tumor hypoxia, arising from the inadequate
supply of oxygen in blood vessels, has been a major cause for the treatment failure
of solid tumors and the induction of tumor invasion/metastasis [70]. Luminescent
imaging has been used for the accurate diagnosis of tumor hypoxia and quantitative
estimation of hypoxic degree. Considering the intrinsic drawbacks (e.g., low photo-
stability in bioreductive microenvironment, low penetration depth, etc.) of tradi-
tional oxygen probes, our group developed an ultrasensitive nanosensor by
engineering UCNPs for selective hypoxic UCL imaging based on the LRET from
UCNPs to oxygen indicator [Ru(dpp);]**Cl, under NIR irradiation [71]. Compared
with free [Ru(dpp);]**Cl,, our designed nanosensor can reversibly detect the level of
hypoxia both in vitro (hypoxic U87 cells, Fig. 5.3c) and in vivo (zebrafish, Fig. 5.3d)
based on the corresponding luminescence emission intensity with high sensitivity
and large penetration depth. The ultrasensitive nanosensor is expected to be used for
hypoxic UCL imaging of solid tumors to provide significant guidance for the sub-
sequent therapeutic decisions.

In summary, thanks to the superior advantages over traditional luminescent
probes, UCNPs can serve as an excellent UCL imaging probe for the accurate diag-
nosis of big diseases as well as quantitative sensing of some biological matters and
tumor microenvironment (e.g., hypoxia, pH, temperature, etc.). However, in order
to promote the future clinical applications of UCNPs, many aspects need to be fur-
ther improved, such as the enhancement of UCNPs’ quantum yield, the lowering of
UCNPs’ potential toxicity, and so on.

5.3.2 UCNPs for Multimodal Imaging

As the saying goes, there exists no perfect single imaging probe because each imag-
ing modality has its intrinsic drawbacks and thus fails to reflect all the necessary
imaging information. Therefore, the development of multimodal imaging probe by
the combination of multiple imaging modalities into one system is of essential
importance for acquiring all the imaging data and enhancing the diagnostic accu-
racy. By suitable doping strategy, UCNPs can be engineered as an excellent multi-
modal imaging probe to realize the cellular scale to whole-body level imaging with
extremely high sensitivity and spatial resolution.

5.3.2.1 UCNPs for MR/UCL Bimodal Imaging

The most common UCNP-based multimodal imaging probe is the simple combina-
tion of MR/UCL by doping Gd** into the host lattice. This bimodal imaging probe
possesses all the advantages of MR/UCL and provides high sensitivity for in vitro
imaging as well as and high spatial resolution for in vivo imaging [8]. For example,
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Li et al. synthesized PAA-coated Yb/Er/Tm/Gd co-doped UCNPs (NaGdF4:Yb/Er/
Tm—-PAA) for simultaneous T;-MR imaging and NIR-NIR UCL imaging of the
whole-body animals in vivo (Fig. 5.4a, b) [72]. Zhao et al. synthesized Yb/Er/
Tm-doped Gd,O; nanoparticles for simultaneous T;-MR and strong multicolor
UCL imaging [73]. The corresponding emission colors could be tuned by simply
changing either the doping Ln** or co-dopant concentrations. Furthermore, by dop-
ing Mn?* instead of Gd*" into UCNPs, strong red UCL emission plus MR imaging
capacities can be realized [74].

Besides incorporating Gd** into the host, the epitaxial growth of a NaGdF, layer
on the surface of the NaYF, host to fabricate core/shell (multi-shell) structured
UCNPs can not only improve the MR imaging contrast by significantly increasing
the 1, value but also greatly enhance the UCL imaging intensity by suppressing non-
radiative decay and passivating surface defects. In order to evidence this point, our
group conducted a series of comparative studies [11, 75] by fabricating various
kinds of core/shell structured UCNPs or dense/mesoporous silica-coated UCNPs
and comparing their r; value/UCL emission intensity, which provides a deep
perspective for magnetic resonance (MR) sensitivity, and UCL emission intensity
optimization of Gd**-doped UCNPs. Liu et al. [76] and Zhang et al. [77] have per-
formed similar systemic studies, which all shed light on the design of optimized
Gd**-doped UCNPs and speeding up the future clinical translation of the promising
MR/UCL bimodal molecule imaging probes.
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Fig. 5.4 (a) Color-mapped MR coronal images of the whole body and transversal cross-sectional
images of the (L) liver and (S) spleen of mice at preinjection and at 40 min after intravenous injec-
tion of NaGdF4:Yb/Er/Tm—PAA. (b) In vivo and ex vivo UCL imaging of mouse after intravenous
injection of NaGdF4:Yb/Er/Tm—PAA. (¢) Schematic representation of the synthetic routine of the
water-soluble NaYF,:Yb*,Tm* @Fe,O, nanocrystals. (d) Ex vivo UCL images of the lymphatic
system of a nude mouse sacrificed after injection with NaYF,:Yb*, Tm**@Fe,O, nanocrystals for
40 min. Green arrow marked the lymphatic nodes. (¢) MR images of the armpit region after injec-
tion with NaYF,:Yb*,Tm* @Fe,O, nanocrystals and color-mapped coronal images of lymph node
at various times ((a, b) Reprinted with the permission from Ref. [72]. Copyright 2010 Elsevier
B. V. (c—e) Reprinted with the permission from Ref. [79]. Copyright 2011 Elsevier B. V)
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It is well known that T;-weighted MRI contrast agents (as called positive MRI
contrast agents) can change the spin—lattice/the protons of coordinated/nearby
water molecules to brighten the image signals, while T,-weighted MRI contrast
agents (as called negative MRI contrast agents) can alter the spin—spin relaxation
time to darken the image signals. As a representative T,-MRI probe, Fe;O, nanopar-
ticles (SPIONs) have been widely used for darken MR imaging of human organs
due to their good biocompatibility and special superparamagnetic properties.
Unfortunately, black Fe;O4 nanoparticles could largely absorb the UCL emission
and thus quench the luminescence of UCNPs, which adds to the difficulty in prepar-
ing excellent T,-MR/UCL bimodal imaging probes.

Some groups have tried to prevent the UCL emission quenching by SPIONs
through the smart design of UCNP/SPION nanocomposite. For example, in the year
2010, our group firstly developed a “neck-formation” strategy [78] to fabricate
silica-shielded magnetic upconversion fluorescent oligomers (SMUFOs) by con-
necting SPION @ Si0, and UCNPs @SiO, nanoparticles through the Si-O-Si bridges
between them. Due to the high magnetic/photostability and quenchless UCL prop-
erties, the designed SUMFOs were successfully used for T,-weighted MR and UCL
bimodal imaging of Walker 256 tumor in a SD mouse. By coating a 5 nm Fe,O,
shell on the NaYF,:Yb/Tm core, Li et al. synthesized silica-free NaYF,:Yb/Tm@
Fe,O, nanocomposites which could be applied for T,-MR/UCL bimodal imaging of
the lymphatic systems in vivo (Fig. 5.4c—e) [79]. Besides, Liu et al. developed a
layer-by-layer assembly approach to synthesize core/shell/shell structured nano-
composites (MFNPs) with UCNPs as the core, a thin gold layer as the outer shell,
and a layer of ultrasmall SPIONs in between [80]. Thanks to the smart integration
of UCNPs/SPIONs and strong NIR absorption of gold, the designed MFNPs could
be used for T,-MR/UCL bimodal imaging as well as magnetically targeted photo-
thermal therapy in vitro and in vivo. Zhang et al. also used a facile ion exchange
route to fabricate a hydrophilic rattle-structured Fe;0,@Si0,@NaYF,: Yb/Er nano-
probes for T,-MR/UCL bimodal imaging as well as the antitumor drug doxorubicin
(DOX)-delivered chemotherapy against H22 tumors under the enhanced magnetic
targeting [81].

In order to completely eliminate the UCL quenching by SPIONS in the design of
excellent T,-MR/UCL bimodal imaging probes, the exploration of other functional
ions for T,-MR imaging is urgently needed. Fortunately, van Veggel et al. found that
the paramagnetic dysprosium (Dy**) ion-doped UCNP was one of the best choices
for T,-weighted MR imaging because of its high magnetic moment (10.6 pB) and
short electronic relaxation time (~0.5 ps) [82]. Moreover, these Dy**-doped UCNPs
(e.g., NaDyF,, NaHoF,, etc.) have been found especially suitable for T,-MR imag-
ing in ultrahigh field (9.4 T) MRI because their corresponding r, relaxivity value
was greatly enhanced with the increasing magnetic field, which should be explained
by the Curie spin relaxation mechanism. Therefore, the van Veggel’s exciting find-
ing provides a new perspective for the design of ultrahigh field T,-MR/UCL bimodal
imaging probe with much higher spatial resolution in ultrahigh field MRI and neg-
ligible luminescence quenching.
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5.3.2.2 UCNPs for UCL/MRI/CT (PET/SPECT) Trimodal Imaging

Besides MR/UCL bimodal imaging probes, recently more attentions have been paid
to the construction of MRI/UCL/CT or MRI/UCL/PET trimodal imaging probes,
which can greatly improve the imaging quality and enhance the diagnostic accu-
racy. Different from MR and UCL imaging with high sensitivity and spatial resolu-
tion, X-ray computed tomography (CT) imaging can provide high-resolution
three-dimensional (3D) structure details of tissues based on their differential X-ray
absorption. Therefore, the combination of MR, UCL, and CT into one system to
generate a trimodal imaging probe may not only achieve high-sensitivity cellular
imaging but also provide clear 3D soft tissue details. Instead of small iodinated
molecules, several high-Z atom (e.g., Yb, Lu, Au, etc.)-doped/contained nanopar-
ticles can serve as better CT contrast agents because of their stronger X-ray attenu-
ation [83]. By the smart assembly of these CT contrast agents with the above MR/
UCL bimodal imaging probes, MR/UCL/CT trimodal imaging probes are produced
for concurrent trimodal imaging of malignant tumors.

The first trimodal imaging probe was designed by our group [51], who synthe-
sized PEGylated NaYF,: Yb/Er/Tm/Gd @SiO,-Au@PEGS5000 nanoparticles (UCS-
Balls) by attaching ultrasmall Au nanoparticles to the surface of silica-coated
Gd-UCNPs. These UCS-Balls can serve as an excellent trimodal probe for simulta-
neous T;-weighted MR/NIR-vis UCL/enhanced CT imaging of Walker 256 tumors
after intratumoral injection (Fig. 5.5a). In order to avoid the potential UCL signal
blocking by the outer Au nanoparticles, our group further synthesized radiopaque
fluorescence-transparent TaOx nanoparticles decorated upconversion nanophos-
phors (UCNLSs) for high-intensity/contrast CT/MRI/UCL trimodal imaging in vitro
and in vivo without detectable mutual imaging interference among the three modali-
ties [12]. Besides, with the help of the strong X-ray attenuation characteristics of
Gd/YDb elements and good biocompatibility of PEG, the long-circulating trimodal
imaging probe PEGylated Gd,O;:Yb* /Er** nanorods were synthesized by Qu’s
group through a facile and large-scale hydrothermal approach, which could provide
detailed and complementary information from T;-MR/UCL/CT trimodal imaging
[84]. Thanks to the high atomic number of Lu, Li et al. [85] even developed Gd**
complex-modified NaLuF,-based UCNPs for efficient trimodal imaging of the
whole body of mice with high T;-MRI enhancement, bright NIR-to-NIR UCL emis-
sions, and excellent X-ray absorption.

Besides T;-MR/UCL/CT trimodal imaging probes, T,-MR/UCL/CT probes were
also designed by Li et al. [86], who synthesized core/shell structured Fe;0,@
NaLuF,:Yb/Er/Tm nanoparticles (MUCNP) [86] by a stepwise method to realize
T,-MRI/UCL/CT trimodal imaging of cancerous cells in vitro and tumor tissues
in vivo (Fig. 5.5b). Very recently, our group developed a novel T,-MR/UCL/CT
trimodal imaging probe by exploring the T,-weignted contrast properties of Ho* to
replace black Fe;0,, which can completely solve the luminescent emission quench-
ing problem and even enhance the UCL intensity [87]. Unlike other composite
nanostructures, the single Ho**-doped UCNPs (NaYbF,:Ho) were synthesized by a
simple one-pot thermal decomposition method for win—-win multimodal T,-MRI/



5 Engineering Upconversion Nanoparticles for Multimodal Biomedical... 179

(A)

Siica coating by TEOS Au NPy
PEGylat
Fasmebil ecpatcn 4

(a) - atachment pre ot
APTS grating b -
*=0—0—3
— P o

UCHP UCNP@Si0-NH; UCNP@ESIO-Au UCS-Bat

FiyDu@S0ELAOHICO,
MUCHPOHICD,

b Post-injection

A Pre-injection

BuyBew)
waasasony

1))

BuiBeun 19

15 min

wtiritin Tumor

Fig. 5.5 (a) (a) Schematic illustration for the synthesis of UCS-Balls. (b) Trimodal images of
mice bearing a Walker 256 tumor using UCS-Balls: preinjection (left), postinjection (right). (b) (a)
Schematic representation of the synthetic routine of the multifunctional Fe;0,@NaLuF,:Yb/Er/
Tm nanoparticle (MUCNP). (b) T,-weighted coronal images of the nude mice bearing a tumor
after intratumoral injection of MUCNP. (¢) In vivo UCL images of the tumor-bearing nude mice.
(d—f) In vivo (d) CT volume-rendered and maximum intensity projection of (e) coronal, (f) trans-
versal images of the tumor-bearing mouse. (¢) (a) Schematic diagram of Ho**-doped UCNPs as the
T,-MR/UCL/CT multimodal imaging. (b) In vivo T,-MR imaging of glioblastoma-bearing mice
before and at various time points after intravenous injection of Ho**-doped UCNPs ((a) Reprinted
with the permission from Ref. [51]. Copyright 2012 Elsevier B. V. (b) Reprinted with the permis-
sion from Ref. [86]. Copyright 2012 Elsevier B. V. (¢) Reprinted with the permission from Ref.
[87]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA)

UCL/CT imaging of the whole mouse body without luminescence quenching. More
importantly, the Ho**-doped UCNPs could be also used for the efficient T,-weighted
MR imaging of glioblastoma by overcoming the difficulty in the clinical diagnosis
of brain tumors (Fig. 5.5¢).

As another noninvasive radioactive imaging modality, PET/SPECT has been
used for the whole-body imaging and quantitative biodistribution estimation due to
its extremely high detection intensity. Especially, PET imaging is very suitable for
the lymphatic imaging and accurate localization of lymph node by overcoming the
drawbacks of traditional luminescent imaging, such as autofluorescence from bio-
logical sample, low signal to noise ratio (SNR), and so on. Recently, some radionu-
clides have been used for PET imaging. For example, by incorporating '®F into the
UCNP lattice, Li’s group [16] developed '®F-labeled NaYF,:Yb/Tm nanoparticles
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with an average yield of more than 90 % for the high-sensitivity PET imaging of
whole-body small animals and lymphatic monitoring (Fig. 5.6a, b). Meanwhile, the
18F-doped UCNPs could be also real-time tracked in vivo for biodistribution analy-
sis. However, due to the extremely short half-life (t,,,, 1.829 h) of '8F that may seri-
ously limit its biological applications in long-term imaging, the same group
embedded '*Sm into NaLuF,:Yb/Tm nanoparticles to replace '8F by a one-pot
hydrothermal synthetic method [19]. Thanks to the much longer half-life (46.3 h) of
153Sm and emission of medium-energy beta rays, the synthesized NaLuF,:'3Sm/Yb/
Tm nanoparticles could be used for long-term SPECT imaging (Fig. 5.6c—g) for
in vivo quantitative distribution monitoring of the nanomaterials. Certainly, there
are other long-term radionuclides that remain to be explored/applied for PET/
SPECT imaging, such as %Cu (ty;, 12.7 h), %Y (ty5, 14.7 h), 1 (t,,, 4.2d), and
SO on.

By the co-doping of Gd*/Yb**/Er** into '8F-labeled UCNPs ('*F-labeled
NaYF,:Gd/Yb/Er nanoparticles), Li et al. successfully fabricate a novel MR/UCL/
PET trimodal imaging probe for high-sensitivity/solution imaging from the cellular
scale to whole-body evaluation by integrating the advantages of these three imaging
modalities [88]. Specially, PET imaging can realize the whole-body imaging with
high detection sensitivity as well as reach below the picomolar range for functional
imaging. The in vivo MR and ex vivo UCL imaging can provide the complementary
information including the cellular-level observation. So the combination of MR/
UCL/PET imaging modalities within the trimodal probe is of great value for the
future accurate diagnostic applications in clinic.

Fig. 5.6 (a) PET imaging and (b) PET/CT imaging of lymph node 30 min after subcutaneous
injection of "*F-UCNPs. '8F-UCNPs into the left paw footpad, signal in lymph node reached the
peak intensity and maintained it to 60 min postinjection. While as control-free '®F ions injected
into the right paw showed no lymphatic imaging ability. (c—g) In vivo SPECT images after intra-
venous injection of Sm-UCNPs. (¢) Whole-body three-dimensional projection, (d) coronal, (e)
sagittal, and (f) transversal images acquired at 1 h and (g) whole-body three-dimensional projec-
tion images acquired at 24 h are shown, respectively. The arrows inset point to the liver (L) and
spleen (S) ((a, b) Reprinted with the permission from Ref. [16]. Copyright 2011 Elsevier B. V.
(c—g) Reprinted with the permission from Ref. [19]. Copyright 2013 Elsevier B. V)
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5.3.2.3 UCNPs for UCL/MRI/CT/SPECT Four-Modal Imaging

In order to further enhance the diagnostic accuracy, the integration of all the above
four imaging modalities (MR/UCL/CT/SPECT) into one system for generating a
four-modal imaging probe may be an ideal strategy. Very recently, Li’s group [18]
synthesized core/shell structured NaLuF,:Yb,Tm@NaGdF,-('Sm) nanoparticles
by the epitaxial growth of a 4 nm '3Sm*-doped NaGdF, shell on the NaLuF,:Yb/
Tm core (Fig. 5.7a, b), which resulted in a novel excellent MR/UCL/CT/SPECT
four-modal probe for high-quality tumor angiogenesis imaging. Due to the multiple
functional ions (Lu*, Yb**, Tm*, Gd*, 3Sm**) co-doping, the NaLuF,:Yb,Tm@
NaGdF,-('**Sm) nanoparticles possess the multifunctional properties of enhanced
UCL emission, excellent X-ray attenuation, relatively high r, value, and gamma
photon emissive radioactivity. Meanwhile, the corresponding imaging results
(Fig. 5.7c-h) confirmed that the designed four-modal probe could be effectively
applicable for simultaneously enhanced UCL imaging, X-ray computed tomogra-
phy (CT), magnetic resonance imaging, and single-photon emission computed
tomography (SPECT) in vivo. It is worth mentioning that such a four-modal imag-
ing probe may be expected to shed light on the fabrication of multifunctional nano-
probes for future bio-imaging applications by acquiring more comprehensive and
accurate imaging information.

Despite the rapid progress in the development of UCNP-based multimodal imag-
ing probes, there is still a long way to go to apply these bioprobes for clinical diag-
nostic applications. Firstly, more potential toxicity and biosafety of these probes
should be thoroughly evaluated to ensure their biocompatibility. Secondly, suitable
surface engineering should be adopted to prevent their uptake by the RES system.
Thirdly, the exploitation of multimodal imaging equipment should also be speeded
up to realize the concurrent multimodal in one machine. In all, we hope the UCNP-
based multimodal probes will be actually applied for the early accurate diagnosis of
human diseases in the near future.

5.4 Engineering UCNPs for Imaging-Guided Synergetic
Therapy

Beyond applications in multimodal biomedical imaging, UCNPs can be further
expanded to be used for imaging-guided therapy. By mesoporous silica coating,
UCNPs can serve as delivery vehicles of anticancer drugs/radiosensitizers/photo-
sensitizers for chemotherapy, radiotherapy, and photodynamic therapy (PDT). In
clinic, only single treatment can’t eradicate malignant tumors due to its intrinsic
drawbacks, so the integration of different therapeutic modalities into UCNP-based
theranostic system may help lead to the optimal treatment efficacy as well as realize
our dream of thorough tumor elimination.
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Fig. 5.7 (a) Schematic illustration of synthetic routine of the core/shell nanocomposite
NaLuF,:Yb/Tm@NaGdF,('3Sm). (b) TEM image NaLuF,:Yb/Tm@NaGdF,('>Sm). (¢c—f) Four-
modal imaging of the focused tumor from the tumor-bearing nude mouse 1 h after intravenous
injection of NaLuF,:Yb/Tm@NaGdF,('*Sm). (¢) In vivo UCL image, (d) X-ray CT image, e
SPECT image, (f) MR imaging of tumor. (g) UCL confocal image of the paraffin section of tumor
tissue. (h) Schematic illustration of tumor angiogenesis imaging using NaLuF,Yb/Tm@
NaGdF,('3Sm) as the probe (Reprinted with the permission from Ref. [18]. Copyright 2013
American Chemical Society)

5.4.1 UCNPs for PDT

As a noninvasive light-triggered treatment tool, PDT has been widely used for can-
cer therapy by producing cytotoxic reactive oxygen species (ROS) to kill cancerous
cells. However, traditional PDT strategy of using UV or visible light to excite pho-
tosensitizers fails to treat those deep-seated tumors due to the limited penetration
depth, which remains a big challenge to be overcome. Thanks to the unique feature
of UCNPs in the conversion of NIR light to UV/vis light, a great deal of singlet
oxygen ('O,) can be generated upon NIR irradiation based on the fluorescence reso-
nance energy transfer (FRET) from UCNPs to photosensitizers. More importantly,
by the targeted delivery of UCNPs, photosensitizers, especially those hydrophobic
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ones, can be transported to tumor tissues for the further improved NIR-triggered
PDT effects.

The first realization of NIR-triggered PDT is by Zhang’s group [89], who coated
a merocyanine-540-doped silica shell on UCNPs. Upon NIR light irradiation, mero-
cyanine-540 could efficiently absorb the visible light emission from UCNPs to gen-
erate 'O, on killing MCF-7/AZ bladder cancerous cells. By aid of a water-in-oil
reverse microemulsion strategy, Zheng’s group [90] successfully synthesized
UCNPs@Si0, nanoparticles with photosensitizer AIC,Pc covalently incorporated
into the dense silica shells, which could improve the PDT effects by enhancing the
loading efficacy and avoiding the leakage of photosensitizers. Based on the same
method, our group [91] prepared a new kind of sub-50 nm UCNPs@SiO,(MB) PDT
drug. In this study, we firstly focused on the control of various parameters (e.g., MB
concentration, reaction time, silica shell thickness, etc.) for the inhibition of MB
dimerization as well as the excellent spectral overlap between UCNP emission and
MB absorption for the realization of ever higher FRET efficiency. Although the
above photosensitizers loaded into the nonporous dense silica could be protected
from the surrounding intricate environment, the diffusion of oxygen molecules and
release of ROS are extremely limited, thus resulting in the lowering PDT efficacy to
some extent. To overcome this drawback, the following effective loading strategies
have been adopted for combining photosensitizer with UCNPs.

By loading photosensitizers into the mesoporous silica instead of dense silica,
more oxygen molecules are diffused to “contact” UCNPs/photosensitizers and thus
involved in the PDT reaction for generating much more 'O,. Zhang et al. [25] firstly
incorporated photosensitizers ZnPc into the mesoporous silica-coated UCNPs,
which led to the continuous production of 'O, for causing significant cancerous cell
death upon NIR irradiation. Unlike the above physical encapsulation of hydrophilic
photosensitizers, the covalent grafting method was used for the loading of hydro-
phobic ones by avoiding premature leakage. For example, in a recent report by Yan
et al. [92], hydrophobic photosensitizers (SPCD/HP) were covalently bonded to
mesoporous silica channels to improve their solubility/stability in cell microenvi-
ronment. Meanwhile, the mesoporous silica also created the conditions for faster
release of 'O, into the surrounding tumor regions. Upon NIR irradiation, the photo-
sensitizers could absorb green/red luminescence emission from UCNPs to generate
a great deal of '0, to efficiently killing many tumor cells. Instead of covalently
incorporating photosensitizers into the mesoporous silica by Si-O-Si bonds, Zhang
et al. [93] developed another covalent bonding strategy to directly link rose bengal
(RB) onto the surface of UCNPs. They found this covalent linking strategy could
improve both the loading capacity of RB and FRET efficiency from UCNPs to RB,
thus leading to the greatly elevated PDT effects. Moreover, by the attachment of
targeting ligand FA (folic acid), the FA-conjugated UCNPs/RB could realize the
targeted PDT by killing much more FR (folate receptor) positive JAR carcinoma
cells than FR negative NI1J 3T3 cells upon 980 nm irradiation (Fig. 5.8a). Certainly,
with the development of nanochemistry and nanotechnology, more effective tar-
geted UCNP-photosensitizer drugs will be designed and applied for PDT in the near
future.
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Fig. 5.8 (a) (a) Covalent conjugation of NaYF4:Yb3t,Er3t UCNPs, photosensitizer RB, and tar-
get molecule FA. (b, ¢) Viability of JAR cells (b) and NIH 3T3 fibroblasts (c) treated with
FA-UCNPs/RB of different concentrations with (solid) or without (open) 980 nm exposure. (b) (a)
Schematic illustration of dual-modal imaging and PDT using UCNP-Ce6. (b) Cell viability of
U87MG cells incubated with UCNP-Ce6, with or without exposure to 980 nm laser. (¢) Growth of
tumors after treatments. (c¢) (@) The fluorescence emission spectrum of the UCN under 980 nm
NIR laser excitation and the absorption spectra of ZnPc and MC540. (b) Schematic of mesoporous
silica-coated UCNs co-loaded with ZnPc and MC540 for PDT. (¢) Change in tumor size as a func-
tion of time after treatment to assess the effectiveness of UCN-based mediated targeted PDT in
tumor-bearing mice intravenously injected with FA-PEG-UCNSs. (d) Representative gross photos
of a mouse from groups 1-3 intravenously injected with FA-PEG-UCNs, unmodified UCNSs, or
PBS showing the change in tumor size (highlighted by dashed white circles) before (0 d) and 7 d
after PDT treatment ((a) Reprinted with the permission from Ref. [93]. Copyright 2012 American
Chemical Society. (b) Reprinted with the permission from Ref. [94]. Copyright 2012 Wiley-VCH
Verlag GmbH & Co. KGaA. (¢) Reprinted with the permission from Ref. [95]. Copyright 2012
Nature Publishing Group)

Unlike the above PDT-related researches that mainly focus on the in vitro PDT,
the following in vivo PDT studies may be more exciting and closer to future clinical
cancer therapy. In 2011, Liu et al. [26] firstly performed UCNP-based PDT on
tumor-bearing mice. In his study, the photosensitizer Ce6 was adsorbed onto
PEGylated UCNPs to form a new UCNPs-Ce6 PDT agent, which could induce
significant cancerous cell death by producing 'O, upon NIR irradiation. After inject-
ing the UCNPs-Ce6 agent into 4T, tumors grown on balb/c mice, about 70 % of
tumors were completely eradicated for even without regrowth within the next
2 months by exposure to NIR light. So the mice after PDT treatment had much lon-
ger survival lifetime than the non-treated mice. Furthermore, they also evaluated the
potential use of UCNP-based PDT on treating deep-seated tumors. By comparison
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with the direct excitation of Ce6 using visible light, the NIR-triggered PDT using
UCNPs-Ce6 demonstrated a much deeper tissue penetration depth and thus exhib-
ited great potential in the future therapy of large or internal tumors. By the appropri-
ate structural optimization, Hyeon et al. [94] synthesized UCNPs-Ce6 nanocomplex
via both physical adsorption and covalent conjugation for in vivo MR/UCL bimodal
imaging-guided PDT via intravenous injection. On the one hand, there appeared
strong MR/UCL imaging signal in tumors, which evidenced that UCNPs-Ce6 nano-
complex was successfully accumulated in tumors owing to the enhanced permeabil-
ity and retention (EPR) effect. On the other hand, the tumor growth was remarkably
inhibited upon NIR irradiation due to the improved PDT effects (Fig. 5.8b). This
study may shed on the design of high-performance UCNP-based PDT agents by
accurate imaging-guided photodynamic therapy.

In order to further enhance the PDT efficacy, the excitation of two or more kinds
of photosensitizers using a single-wavelength light may be a desirable strategy. In a
recent report by Zhang’s group [95], two photosensitizers (ZnPc and M540) whose
absorption peaks overlapped with the two emission (red and green) peaks of UCNPs
were simultaneously loaded into the mesoporous silica-coated UCNPs. Compared
with single photosensitizer-loaded UCNPs, the ZnPc/M540 co-loaded UCNPs dem-
onstrated substantially enhanced PDT efficacy by the greatly elevated generation of
10, for significantly reduced tumor cell viability upon NIR irradiation. More inter-
estingly, by the conjugation of targeting ligand FA to ZnPc/M540 co-loaded UCNPs,
the in vivo targeted PDT was firstly realized in animal experiments, which showed
remarkable tumor growth delay (Fig. 5.8¢). In all, this study is the first example of
using UCNPs for in vivo targeted PDT, which may greatly promote the exploration
of other targeted UCNP-based PDT agents for future NIR-triggered therapeutic
applications.

5.4.2 UCNP:s for Radiotherapy

As another noninvasive treatment tool, radiotherapy has achieved great success in
relieving tumor patients of pain by applying high-energy X-rays or y-rays radiation
to damage the DNA of cancerous cells [96]. Besides, by focusing all radiation pre-
cisely on tumors, radiotherapy has been used for site-specific cancer therapy with
relatively low adverse effects on surrounding normal tissues. Unfortunately, most
hypoxic solid tumors often develop resistance to radiation and cause the treatment
failure of radiotherapy [97]. Therefore, in order to eradicate solid tumors, some
radiosensitizers (radiation sensitizers) should be used to enhance the radiotherapy
efficacy on killing hypoxic tumors. Based on the Compton scattering effects, some
high-Z metallic nanoparticles (e.g., Au, Pt, etc.) can decompose a beam of X-rays
into several beams of X-rays [98], thus greatly enlarging the X-ray radiation doses
on malignant tumors and causing large-scale localized DNA damage/cell apoptosis.
Therefore, by doping high-Z metal ions into the UCNP lattice, both CT contrast
imaging and radiation enhancement can be realized, which will lead to the CT
imaging-guided radiosensitization for enhanced diagnostic/therapeutic efficacy.
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Our group is the first one to introduce high-Z ion-doped UCNPs into the fields of
CT imaging-guided radiotherapy. In our study [15], BaYbFs:Er nanocubes (UCA)
were synthesized by a hydrothermal method with high dispersity and stability. Due
to the co-doping of high-Z ions Ba** and Yb**, CT contrast imaging and radiosensi-
tization were simultaneously realized. Finally, by the conjugation of active tumor-
targeting ligand RGD, UCA-RGD nanocubes were efficiently accumulated in U87
tumors for CT imaging and enhanced radiotherapy by amplifying X-ray radiation
doses due to the Compton scattering effects (Fig. 5.9). The corresponding in vivo
therapy results (Fig. 5.9¢c) clearly showed that the combination of UCA-RGD and
radiotherapy led to more significantly tumor growth delay than radiotherapy alone
due to the radiosensitizing effects of high-Z ions Ba?* and Yb**. Therefore, the
designed UCA-RGD may be potentially developed into the next generation of tar-
geted imaging-guided radiosensitive drugs.

-~
'

Pre-injection

-

!
u Tumor
24.0+4.6HU §

Pre-injection

reg 4

Non-targeted group  Targeted group

o~
=

o
~—
S’

=2

1 Control| o2
100 - * 50 Te—=
I 2 16 “ontrol N
- 3 h Z 1| RTalone .
- 80- e 2]+ rravca s
= ] E 1= RT&UCA-RGD) T
F7 60 - g 5] L /1
= | s , ¥
g 40 E ) . /4
=R 1 /1 /=
= 1 ri < 1 i
O 20 T = 24 . 1
] - . 4 v
] 3 1 - f‘ ——4 2 t e
0 O —— . . S
0 5 10 15 20

Non-targeted group Targeted group
Time /d

Fig. 5.9 (a) In vivo transverse slices and 3D volume rendering CT images of U87MG tumor-
bearing mice at preinjection and 3 h after intravenous injection of UCA-RGD (targeted group) or
UCA (nontargeted group). (b) The corresponding CT value changes in the tumor. (¢) Growth of
U87MG tumors from different groups after various treatments (n=6) (Reprinted with the permis-
sion from Ref. [15]. Copyright 2013 Nature Publishing Group)
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5.4.3 UCNP:s for Synergetic Therapy

So far, chemotherapy, radiotherapy, and PDT have become the major treatments for
clinical cancer therapy, but they all have intrinsic drawbacks. For example, chemo-
therapy may cause systemic toxic side effects by using large amounts of free anti-
cancer drugs. Radiotherapy and PDT are too dependent on oxygen to eradicate most
hypoxic solid tumors. Therefore, in order to achieve the optimal treatment efficacy,
the combinational use of the three treatments by integrating their respective superi-
orities may be a desirable strategy. Fortunately, by means of smart structural design,
two or three therapeutic modalities can be integrated in one system to cooperate
with each other to produce superadditive therapeutic effects that are greater than the
theoretically projected sum. Recently, our group and other researchers have tried to
engineer UCNPs for multimodal synergetic therapy.

In 2013, Zhao’s group [99] co-encapsulated drugs (DOX) and photosensitizers
(Ce6) onto the surface of UCNPs for synergetic chemo-/photodynamic therapy
upon NIR irradiation (Fig. 5.10a). It was found that Ce6 showed negligible leakage
in acidic environment and enhanced PDT efficacy based on the high FRET effi-
ciency, while DOX was rapidly released in low pH for enhanced chemotherapy
efficacy. Therefore, the in vitro therapy results (Fig. 5.10b) showed that Ce6/DOX
co-loaded UCNPs killed much more cancerous cells upon NIR irradiation than any
single treatment due to the cooperative interactions between chemotherapy and
PDT.

Besides high-Z metallic nanoparticles, some anticancer drugs (e.g., CDDP, Dtxl,
5-Fu, etc.) could be also used as radiosensitizers for radiation enhancement effects.
Recently, our group firstly designed rattle-structured UCNPs/silica nanotheranos-
tics (UCSNGs) for synergetic chemo-/radiotherapy by the encapsulation radiosensi-
tive drugs CDDP upon X-ray irradiation (Fig. 5.10c) [100]. The corresponding
in vitro and in vivo therapy results showed that CDDP-loaded UCSNs demonstrated
much stronger radiation enhancement effects than free CDDP upon X-ray irradia-
tion by killing more cancerous cells as well as causing more remarkable tumor
growth delay (Fig. 5.10d). By the conjugation of targeting ligand FA to UCSNs,
in vivo tumor-targeted imaging-guided synergetic chemo-/radiotherapy could be
realized, which demonstrated much strong radiation enhancement effects than free
CDDP (Fig. 5.10e).

In order to realize the goal of thorough tumor elimination, the above three thera-
peutic modalities should be simultaneously used in combination. More importantly,
there exist cooperative interactions among the three treatments. For example, X-ray
radiation could not only directly break down the DNA but also improve the sensitiv-
ity of cancerous cells to drugs and ROS, which thus resulted in the permanent DNA
damage and cell death by imposing chemo-/photodynamic therapy. In our latest
report [101], radiosensitive drugs Dtxl and radio-/photosensitizer HP (hematopor-
phyrin) were simultaneously loaded into the cavity and mesoporous shells of rattle-
structured UCNP core/mesoporous silica nanotheranostics for synergetic chemo-/
radio-/photodynamic therapy upon NIR/X-ray irradiation. It was found that the
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Fig. 5.10 (a) Scheme illustration of the combined therapeutic system for chemotherapy and PDT
treatment by co-loading Ce6/DOX onto UCNPs. (b) Cell viabilities of A-549 cells treated with
Ce6/DOX @UCNP complex (980 nm laser density, 1 W/cm?; irradiation time, 5 min). (¢) Schematic
illustration of radiosensitization by UCSNs-CDDP. (d) Tumor growth curves of HeLa tumor xeno-
grafts following the different treatment in different modes; (e) comparison between relative vol-
umes of HeL.a tumor xenografts treated with FA-UCSNs-CDDP + radiation and CDDP + radiation.
Mice were intravenously injected with FA-UCSNs-CDDP and free CDDP, respectively. (f) Digital
photos of mice at 30, 60, 90, and 120 days after the treatment of synergetic chemo-/radio-/photo-
dynamic therapy ((a, b) Reprinted with the permission from Ref. [99]. Copyright 2013 Wiley-
VCH Verlag GmbH & Co. KGaA. (c—e) Reprinted with the permission from Ref. [100]. Copyright
2013 American Chemical Society. (f) Reprinted with the permission from Ref. [101]. Copyright
2014 Elsevier B. V)

tumors treated by the synergetic trimodal therapy were completely eliminated with-
out regrowth during the next 120 days (Fig. 5.10f). We hope this study will provide
a simple and useful strategy for future highly efficient oncotherapy by thorough
tumor eradication. Certainly, many improvements are needed to put this technique
into practice.

5.5 Summary and Outlook

In conclusion, we have summarized the latest developments in the engineering of
UCNPs for multimodal biomedical imaging-guided synergetic therapy. Several
effective surface modification methods have been introduced to transfer hydropho-
bic UCNPs into water phase for future biomedical applications. By the selective
doping of different functional ions (e.g., Yb*, Gd**, Er**, 13Sm?*, etc.), multimodal
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biomedical imaging (MR/UCL/CT/PET) can be realized to provide superior advan-
tages in accurate/comprehensive cancer diagnosis. As well, multimodal synergetic
therapy can be achieved for highly efficient cancer treatment by the co-encapsulation
of various drugs/photosensitizers/radiosensitizers into UCNP-based nanotheranos-
tics. Therefore, UCNPs are expected to be developed into the novel intelligent nano-
theranostic medicine for multimodal biomedical imaging and synergetic therapy.
However, many aspects about UCNPs need to be greatly improved before going into
future clinical applications.

Firstly, the quantum yield of UCNPs is very low (about 0.35 %), which inevita-
bly results in the quite low UCL emission intensity and PDT efficacy. Therefore,
more attentions should be paid to the enhancement of QY by exploring other better
host matrix to fabricate much brighter UCNPs.

Secondly, similar to other inorganic materials, the potential long-term toxicity of
UCNPs is a serious problem. Although the current in vitro/in vivo studies demon-
strate negligible toxicity and good biocompatibility of UCNPs, the long-term
in vivo chronic toxicity remains unknown and should be systemically observed. In
addition, more effective surface modification strategies should be explored to fur-
ther improve the biocompatibility of UCNPs.

Thirdly, in order to promote the future use of UCNPs for the in vitro/in vivo
tracking and whole-body UCL imaging, the exploration of commercial imaging
instruments for UCNPs with 980 nm laser module is extremely in need and should
be accelerated.

Fourthly, the relative low tumor-targeting efficiency has become a big obstacle in
the further improvement of the theranostic effects of UCNPs. Consequently, more
effective strategies (e.g., structural optimization, surface modification, attachment
of tumor-specific targeting ligands, etc.) should be developed to enhance the accu-
mulation of UCNPs in tumors by passive/active targeting.

Last but not the least, for the realization of real-time monitoring of the therapeu-
tic progress as well as the optimized theranostic efficacy, it is of significant impor-
tance to develop “intelligent” multifunctional nanotheranostics by the smart
engineering of UCNPs. Certainly, there is still a long way to go for the true transla-
tional applications of UCNPs.
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Chapter 6

Multifunctional Quantum Dot-Based
Nanoscale Modalities for Theranostic
Applications

Bowen Tian

Abstract Quantum dots (QD) have shown unprecedented fluorescent properties
that are capable of revolutionising the field of optical imaging. Due to its unique
fluorescent properties, QD have been extensively explored as imaging reagents for
the investigation of various biological behaviours in vitro and in vivo. The design
and engineering of multifunctional, QD-based modalities have recently attracted
enormous interest for simultaneous imaging and therapy. The presence of QD as
imaging agent in the theranostic modalities allows for the visualisation of their
behaviour in real time and, thus, allows the monitoring of biodistribution, the per-
centage of drugs in the target site and regional uptake of the drug, as well as clear-
ance from the body in real time, after systematic administration. All this information
obtained from QD-based theranostic modalities is believed to be greatly helpful for
the better understanding of biological behaviours and further optimization of novel
therapeutic modalities, in preclinical and clinical investigations. This chapter
attempts to give a brief overview of QD ranging from fundamental knowledge to
multifunctional QD-based theranostic modalities for gene therapy, chemotherapy
and photodynamic therapy.
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6.1 Quantum Dot

6.1.1 Optical Imaging

Optical imaging is a non-invasive, reliable and highly sensitive technique, with
nanometre-scale resolution for exploring various biological activities in the life sci-
ences [1-4]. Fluorescent imaging methods rely on the detection of emission light
from fluorophores, when the fluorophores are excited by using a light source with
specific wavelength. Therefore, the fluorescent properties of the fluorophores are of
utmost importance in the successful application of such techniques. Ideal fluoro-
phores require strong emission, high photostability, no toxicity and ease of chemical
modification (e.g. conjugation with targeting ligands). Furthermore, for in vivo
imaging, both excitation and emission light require efficient penetration through the
tissues. NIR (near infrared, 700-1000 nm) imaging [5, 6] has recently attracted
enormous interest, due to deep-tissue fluorescence imaging, compared to short light
(<700 nm). NIR offers image-guided operation in the clinic [6-8]. The recent devel-
opment of fluorescence molecular tomography [9] and photoacoustic tomography
[10] will promote the applications of optical imaging in the life sciences.

The fluorophores are divided into inorganic (QD [11], graphene QD [12], gold
nanoparticles [13]), carbon nanotube [14], hybrids (lanthanide chelates [15]) and
organic dyes (cyanine [16]). One of the most promising fluorescent probes is the
quantum dot, which can revolutionise the fluorescent detection techniques given
QD’s unprecedented superior fluorescent properties, compared to traditionally used
fluorescent dyes.

6.1.2 Quantum Dot Fluorescence Characteristics

QD are fluorescent, semiconductor, nanocrystals with typical diameters ranging
from 1 to 10 nm [17]. Due to their superior fluorescence characteristics in compari-
son with traditionally used organic dyes, QD have been extensively used for a vari-
ety of biological investigations in vitro and in vivo [18-23]. Their unique fluorescent
properties are characterised by size-dependent colour, pronounced photostability
and sharper emission spectra and much broader absorption spectra.

» First, QD are characterised by their unique size and/or composition-dependent
colour. This allows the design and synthesis of QD with customised colour, such
that it is visible to infrared for specific applications [24-27].

¢ Second, QD have shown pronounced photostability. The growth of a passivation
shell (e.g. zinc sulphur) around it can further improve their photostability for
long-term and stable fluorescent imaging [17, 28, 29]. These core/shell QD, for
example, CdSe/ZnS, are excellent fluorescent probes for long-term fluorescence
imaging applications.
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e Third, QD possess sharper emission spectra and much broader absorption spec-
tra, compared to organic dyes. This unique fluorescent characteristic enables
simultaneous imaging of QD of different colours, using one single excitation
light source [26, 30-32]. In practice, this has been used for multiplex imaging to
track cancer cell metastasis [33, 34] and differentiate tumour tissue [35] in vivo.

» Fourth, QD are much brighter and robust against photobleaching [36, 37]. Under
the exposure of excitation light, QD can maintain stable fluorescence for a much
longer time than organic dyes.

All these fluorescent characteristics form the basis for QD-based imaging appli-
cations for various biological studies; for example, for cell tracking [38—40], tumour
vessels [41, 42], lymph nodes [43, 44] and solid tumours [19, 45, 46] in vivo.

6.1.3 Quantum Dot Synthesis and Composition

High-quality monodisperse QD was first reported by Bawendi and co-workers in
1993 [47]. Their synthetic method controlled well the colloidal stability of QD to
maintain its monodispersed status and, therefore, elucidated its unique fluorescent
characteristics, including size-dependent fluorescence for the first time. CdSe QD
are the mostly widely used in biological applications due to a well-established syn-
thetic chemistry [21]. In a typical CdSe QD synthesis, selenium (commonly trioc-
tylphosphine selenide or tributylphosphine selenide) and cadmium precursors
(dimethylcadmium or cadmium oleate) are injected into a high-temperature (300 °C)
organic solvent containing coordinating polymers (trioctylphosphine oxide or hexa-
decylamine) [28, 47, 48]. Selenium and cadmium precursors are fast reacting to
form the CdSe nucleus, and, in the meantime, coordinating ligands are attached to
the CdSe nucleus surface to maintain colloidal stability. Cadmium and selenium
continuously grow on the existing CdSe core, until the growth of QD reaches a
desired size as monitored by the absorption spectrum [49]. A ZnS shell can be
grown on the CdSe surface to enhance QD photoluminescence efficiency [17], sta-
bility against oxidative photobleaching [17, 28, 29] and colloidal stability [50]. Due
to coordinating polymer coating (e.g. trioctylphosphine oxide, TOPO), QD are
extremely hydrophobic and require further engineering to be dispersible in water.

With the development of QD synthetic chemistry, QD have been synthesised in
aqueous solutions, high-temperature organic solvents and solid substrates [21]
using various materials, mainly from II-IV (e.g. ZnS and CdS) and III-V (e.g. InP
and InAs) group semiconductor materials. Alloyed QD tunes emission wavelengths
by manipulating compositions [24, 26]. Cadmium-free QD of CulnS, emits fluores-
cence in the NIR range and greatly minimises toxicity compared to traditionally
used cadmium containing QD (e.g. CdSe) [51]. Many more novel types of QD, with
different properties, are under development, including graphene QD [52, 53] and
nitrogen-rich QD [54].



200 B. Tian
6.1.4 Quantum Dot Solubilisation and Functionalisation

Both Nie and Alivisatos groups first engineered water-soluble QD for biological
applications. This was achieved by coating hydrophobic QD with mercaptoacetic
acid [55] or silica [56]. For the engineering of water-soluble QD, two typical meth-
ods have been developed, namely, ligand exchange and amphiphilic polymer
coating.

For ligand exchange, bifunctional ligands composed of a thiol group at one end
are used. The thiol group is used to replace hydrophobic coordinating polymers
(e.g. trioctylphosphine oxide (TOPO)), due to a stronger binding affinity to cad-
mium. The other end of the bifunctional ligand is normally composed of a hydro-
philic group, which is exposed outside to interact with hydrophilic molecules (e.g.
water) [36, 55, 56]. A variety of thiol-containing molecules have been used to make
water-soluble QD following the ligand-exchange strategy, including (1) thiol-
containing chemical molecules, such as mercaptoacetic acid (MAA), dihydrolipoic
acid and mercaptopropyltris (methoxy) silane (MPS) [36, 55, 56], (2) peptides [57],
(3) dendron [58], (4) oligomeric phosphine [59] and (5) silica [60]. It is notable that
the replacement of TOPO coating successfully makes water-soluble QD, but it has
been found to result in unfavourable effects on QD fluorescence and colloidal stabil-
ity [55, 56, 61].

For amphiphilic polymer coating, their hydrophobic domain is used to interact
with hydrophobic coordinating polymers, leading to the formation of an amphiphi-
lic polymer coating around TOPO-capped QD. A variety of amphiphilic polymers
have been used following this strategy, such as phospholipid micelles, triblock
copolymer and amphiphilic diblock. Moreover, amphiphilic polymer coating has
shown minimal effect on QD fluorescence and colloidal stability, compared to
ligand exchange [19, 39, 62, 63] and, thus, has been the most commonly adopted
approach for engineering stable, water-soluble QD. However, it is also notable that
the formation of amphiphilic polymer coating around QD leads to a size increase
[21].

For the functionalisation of QD, a variety of methods have been utilised, such as
electrostatic absorption, covalent conjugation and streptavidin-biotin linking [21,
55, 64]. QD have been functionalised using various molecules for biological appli-
cations, such as antibodies [65—69], peptides [41, 42, 70], endosome-disruptive
polymers [71], aptamers [72-75], radionuclides [76—78], magnetic resonance imag-
ing (MRI) agents [79, 80] and therapeutic molecules [81-84]. Moreover, polyethyl-
ene glycol (PEG) has been successfully used to prolong QD blood circulation
half-life in vivo and minimise immunogenicity and cytotoxicity [43, 85-87].
Figure 6.1 shows a schematic structure of functionalised QD for in vivo targeted
imaging.
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Fig. 6.1 The structure of a multifunctional QD. Schematic illustration showing the capping ligand
TOPO, encapsulating copolymer layer, tumour-targeting ligands (such as peptides, antibodies or
small-molecule inhibitors) and polyethylene glycol (PEG) (Reprinted from Ref. [87], copyright
2005, with the permission from Elsevier)

6.1.5 Quantum Dot in Biomedical Application

QD have been successfully used in fluorescent-based imaging and diagnostic appli-
cations in vitro and in vivo, for instance, (a) in vitro cell labelling [38, 39], fluores-
cent nanoprobes [88, 89] and biosensors based on the fluorescence resonance energy
transfer (FRET) [90, 91] and (b) in vivo tumour vascular imaging [41, 92], tracking
cells [40, 62, 93], lymph nodes [43, 44, 94] and solid tumours [95-97]. Due to the
broad excitation spectra of QD, simultaneous detection using different coloured QD
has enabled multiplex imaging to be used for tracking cancer cell metastasis [33,
34] and differentiating tumour tissue [35] in vivo.

Nowadays, fluorescent imaging using QD in vivo offers direct visualised evi-
dence, but is mostly semi-quantitative. For accurate quantitative analysis, QD
require the combination of fluorescence with other detection methods (e.g. radiola-
belling). Recently, QD have been engineered such that they are equipped with mag-
netic [80, 98], paramagnetic [99] or radioactive properties [76, 78, 100], for more
sensitive and quantitative diagnostic applications. Such dual-function nanoprobes
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allow detection using multiple techniques, such as magnetic resonance imaging
(MRYI), positron emission tomography (PET) and single-photon emission computed
tomography (SPET), along with fluorescence techniques such as IVIS camera [76,
99, 101]. For instance, tumour targeting of ®*Cu-labelled QD was directly visualised
by NIR fluorescence imaging of QD. With radiolabelling of %Cu, the tumour-
targeting efficiency of the QD was accurately quantified by the means of ultrahigh
sensitivity of the radionuclide using PET [77]. Interestingly, Cai et al. (2007) further
found that the tumour-to-muscle ratios obtained from NIR imaging were in agree-
ment with PET analysis for certain organs, for example, the liver and spleen [77].

6.1.6 Quantum Dot Biodistribution and Pharmacokinetics
In Vivo

Most studies have shown that QD are rapidly taken up by the reticuloendothelial
system (RES), with high accumulation in the liver and spleen after systemic admin-
istration [100, 102—-106]. Studies, so far, have shown that PEGylation, size and sur-
face coating are the three critical factors which determine QD biodistribution and
pharmacokinetics.

With respect to PEGylation, Ballou et al. have reported, by non-invasive fluores-
cent imaging, that the QD surface modified with PEGsgy (5,000 Da) greatly pro-
longs blood circulation half-life (t;,=140 min), compared to short PEG;5, and
PEGs34 (ti2< 12 min) [102]. However, high uptake by the liver, spleen, lymph nodes
and bone marrow was observed up to 4 months [102]. Consistently, PEGsn,-
conjugated QD achieved long blood circulation half-life and, thus, facilitated target-
ing to the desired tissues in vivo [19, 45]. In 2009, Choi and co-workers reported
that the biodistribution and pharmacokinetics of QD can be manipulated by surface
modification using different lengths of PEG [103]. Choi et al. (2009) found that QD
conjugated with PEG2 (two monomers) primarily accumulate in the liver; PEGS
accumulate in the pancreas; PEG3 and PEG4 are excreted via renal clearance and
PEG22 circulate in the vasculature.

With respect to QD size, Fischer et al. (2006) have reported that QD linked to
proteins (bovine serum albumin, BSA), 80 nm in diameter, were prominently accu-
mulated in the liver compared to small QD (cross-linked with lysine, 25 nm in diam-
eter) (99 % ID/g vs. 36 % ID/g, respectively) after 90 min postinjection [104]. This
finding indicates that the interaction between QD and blood proteins leads to QD
size increase and thus would result in rapid clearance by the RES system in vivo,
similar to QD-BSA conjugates. In 2007, Choi et al. reported that zwitterionic QD
showed biodistribution and clearance in a size-dependent manner. QD of 5.5 nm in
hydrodynamic diameter can be efficiently excreted via urine, whereas larger QD
(8.65 nm in diameter) showed high liver uptake but no urine clearance [105].

Moreover, it is evident that the extent of QD migration in the lymphatic system
depends on QD size. QD with an average diameter of 15-20 nm migrate rapidly to
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the sentinel lymph nodes (SLN), but primarily accumulate in the first lymph node,
when administrated through subcutaneous, intradermal, intraperitoneal and intrapa-
renchymal routes [20, 107—112]. In comparison, smaller QD with mean diameter of
9 nm migrate further into the lymphatic system up to five nodes [112].

Very recently, Schipper et al. (2009) attempted to investigate the effect of particle
size, surface coating and PEGylation on QD biodistribution and pharmacokinetics
in nude mice after intravenous administration [106]. Schipper et al. (2009) injected
polymer- or peptide-coated %*Cu-labelled QD, 2 and 12 nm in diameter, with or
without surface-conjugated PEG,yy, and did the analysis using both PET and
ICP-MS (inductively coupled plasma mass spectrometry). It was found that PEGy,
conjugation to the large QD (12 nm) surface delayed accumulation in the liver and
spleen, whereas such delayed uptake by the RES system was not observed from
PEGy-conjugated small QD (2 nm). Moreover, unlike polymer coating, peptide
coating enhanced QD excretion, with higher accumulation in the bladder observed
from small QD compared to large QD (7.6 % ID/g vs. 2.5 % ID/g, respectively).

Overall, it can be seen that QD biodistribution and pharmacokinetics in living
animals are affected by many factors, such as hydrodynamic diameter, surface
charge, PEG length and the route of administration. Furthermore, it has been shown
that only very small neutral and zwitterionic QD (<5.5 nm in diameter) can be
excreted efficiently via urine [103, 105], while larger QD have a tendency to accu-
mulate in the body [104, 113], which will consequently raise the toxicity issue of

QD.

6.1.7 Toxicity Profiles of Non-functionalised Quantum Dot

The concern over QD toxicity is mainly derived from their intrinsic core composi-
tions, such as cadmium (e.g. CdSe and CdTe). The correlation between cytotoxicity
and free Cd?* ions has been established [60, 114, 115] with the occurrence of signifi-
cant cell death in the range of 100-400 uM Cd?* ions [43]. Derfus et al. reported that
CdSe QD are toxic due to the release of cadmium ions (Cd*?) initiated upon pho-
tolysis and/or oxidation. This was evidenced by the blue shift in QD absorbance
spectra due to size deduction and subsequent release of Cd*? [114]. Furthermore, the
process in the production of Cd*? ions has been found to be accompanied by the
formation of reactive oxygen species (ROS), such as singlet oxygen (O,"), due to
QD electron donation to oxygen [105, 116, 117]. Cho et al. observed significant
lysosomal damage due to the presence of both Cd*? ions and ROS after a 24-h cell
incubation [118].

So far, studies have demonstrated that QD cytotoxicity is attributed to the use of
core QD (e.g. CdTe), without ZnS coating, especially those solubilised by the
ligand-exchange method, such as mercaptopropionic acid (MPA-QD) [77, 117,
119-121], mercaptoacetic acid (MAA-QD) [114], mercaptoundecanoic acid
(MUA-QD) [121], cysteamine (QD-NH,) [118, 119] and thioglycerol (QD-OH)
[115]. These ligands have weak electrostatic interactions with QD and are found to
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detach from the QD surface [122, 123]. Such ligand detachment may be worse in
harsh conditions like endosomal compartment [56] leading to severe cell death [60,
105, 117, 119, 120].

In comparison, QD coated with ZnS shell (CdSe/ZnS [114] and CdTe/ZnS [118])
can protect the QD core from oxidation, thereby minimising Cd** leakage and sub-
sequently reducing the QD-induced cytotoxicity [60, 118, 119]. Moreover, QD
solubilised with a stable coating, such as silica, were shown to be non-toxic up to a
high Cd*? surface concentration [60] and highly resistant to chemical and metabolic
degradation [124], as well as non-toxic even if translocated to the cell nucleus [125],
or at the gene level [86].

Nowadays, most biological investigations have selected core/shell QD with sta-
ble amphiphilic polymer coating, used at relatively low concentrations (nmol to
pmol). Therefore, no obvious toxicity has been observed from QD. For example,
Xenopus embryos [62] and zebrafish embryos [126] microinjected with QD did not
exhibit any sign of toxicity until a high concentration was used, leading to abnor-
malities in the embryos. Furthermore, QD injected systemically in mice and rats has
shown no apparent toxicity in pmol-nmol range, even after 4 months [43, 104, 127,
128]. Moreover, large animals (e.g. Yorkshire pigs) injected with 200—400 pmol of
QD for the sentinel lymph node (SLN) mapping showed no physiological changes
in the heart rate, blood pressure and oxygen level even after several hours [20,
109-111].

Overall, cytotoxicity studies have shown that the toxicity of QD can be mini-
mised by coating with ZnS shell and solubilising using amphiphilic polymer coat-
ing, especially when a low dose is used during the period of the experiment.
However, heavy metal containing (e.g. cadmium) QD composition would be a
major obstacle for clinical use.

6.2 Quantum Dot for Theranostic Applications

6.2.1 Quantum Dot-Based Gene Therapy Modalities

Gene therapy is one of the most promising solutions to various formidable diseases,
including cancer. However, to achieve effective gene therapy requires the efficient
and specific delivery of nucleic acid inside of cellular compartments (e.g. nucleus).
Various biological barriers, therefore, need to be overcome to deliver nucleic acid
inside of cells. Moreover, the release of nucleic acid from delivery vectors inside of
the cells is guaranteed. This is a complicated process, which is currently not yet
fully understood. QD offers excellent fluorescent properties in studying various pro-
cesses associated with nucleic acid delivery, including complexation, and the release
and intracellular trafficking of nucleic acid complexation. The fluorescence reso-
nance energy transfer (FRET) phenomenon is used to construct the QD-FRET pair
for the investigation of nucleic acid delivery.
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The FRET effect is used to monitor fluorescent changes in a fluorescent mole-
cule pair, including a donor and an acceptor. Fluorescent changes are due to the
distance alteration in nanoscale (called the Forster radius, typically several nanome-
tres) between the pair. For example, when a donor molecule and an acceptor mole-
cule are approaching each other within Forster radius, the receptor starts to absorb
energy from the donor, and as a result, the donor loses its fluorescence. When the
two molecules are separating from each other (beyond Forster radius), the receptor
cannot absorb energy from the donor, and as a result, the donor recovers fluores-
cence to a normal level.

The advantage of constructing the QD-FRET pairs is that QD stable fluorescent
properties, against photobleaching, allows stable and long-term fluorescent imaging
of nucleic acid delivery, release and related behaviours. In a typical example of
QD-FRET pairs, QD-labelled pDNA forms complexation with fluorescently Cys5-
labelled chitosan [129]. The FRET effect allows the monitoring of the integrity of
the complexation inside of cells (by observing Cys5 fluorescence due to energy
transfer from QD-labelled pDNA), whereas released pDNA only shows QD fluores-
cence. Moreover, intracellular trafficking was conducted in a highly sensitive and
quantitative way. Following the same FRET strategy, similar studies have been car-
ried out to investigate DNA condensation and stability [130], as well as DNA poly-
mer complexation [131]. It is notable that photoactivation of QD is often
accompanied with the production of reactive oxygen species (ROS), which leads to
the breakage of DNA in QD-DNA conjugates [132]. This could offer a novel strat-
egy to induce the release of DNA from QD upon light activation for controlled
delivery of DNA inside of cells.

Apart from constructing QD-FRET pairs with DNA, QD is also explored as a
delivery vector for DNA delivery. QD-loaded micelles carrying functional groups
(e.g. maleimide) have been directly conjugated with pDNA molecules [133]. Such
pDNA-QD micelle conjugates allow stable monitoring of pDNA intracellular traf-
ficking, by QD fluorescence, for a long period of time. Moreover, pDNA-QD con-
jugates can successfully deliver pDNA inside of cells and result in the expression of
reporter proteins, relevant to pDNA control. Positively charged QD have been used
to complex with DNA due to electrostatic interactions [134]. Such a QD-DNA com-
plex demonstrated a DNA release induced by glutathione in a concentration-
dependent manner. This is probably due to the fact that glutathione has preferential
interactions with the QD surface, leading to QD’s surface charge change and, thus,
release of DNA [134]. Near-infrared QD has been used to track the biodistribution
of QD-DNA complexes in vivo [135]. The QD-DNA complex demonstrated a high
accumulation in the lung, initially, followed by fast redistribution from the lung to
the liver. QD control, however, showed a predominant accumulation in the liver
straightaway. Furthermore, after weeks postinjection, QD fluorescent signals were
still detectable due to QD’s excellent photostability.

QD has been explored to investigate the process of small interference RNA
(siRNA) delivery. The typical process for siRNA delivery, including delivery siRNA
into cells, release siRNA and gene knockdown, normally takes longer than 24 h
since post-administration. Over this period of time, traditionally used organic dye
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could suffer from significant fluorescence loss due to photobleaching and is, thus,
not suitable for long-term monitoring of siRNA delivery [136]. In comparison, QD
offers significant improvement in terms of photostability and, thus, has been exten-
sively used to explore various processes related to siRNA delivery.

Cationic liposomes have been used to co-complex both QD and siRNA by sim-
ple mixing [137]. This study demonstrates the monitoring of siRNA delivery inside
of cells, as well as an improvement in gene silencing, but suffers from an adverse
effect on the size increase of the complex in comparison to the liposome control.
Both siRNA and a tumour-targeting peptide have been covalently conjugated to the
surface of PEGylated QD [136]. Such targeted nanoconstructs can be internalised
by cancer cells and achieve efficient gene silencing. Moreover, siRNA conjugation
to QD, using a cleavable linker, was found to improve the gene silencing effect due
to the enhanced release of siRNA inside of cells, compared to a non-cleavable
linker. Antibody-targeted chitosan nanoparticles encapsulating QD inside was com-
plex with siRNA on the surface [138]. By monitoring QD fluorescence, such a mul-
tifunctional delivery system demonstrated an enhanced cellular uptake in cancer
cell lines that overexpressed certain receptors. The siRNA-QD conjugates have
been engineered by two different linking strategies: (a) a disulphide bond, which
allows cleavage to release siRNA inside of cells, and (b) a covalent bond, to form
stable siRNA-QD conjugates for monitoring siRNA delivery [139]. Two targeting
ligands are conjugated on the surface of siRNA-QD conjugates, to ensure efficient
cellular uptake (e.g. RGD peptide targeting) and effective gene silencing through
HIV-Tat peptide. By monitoring QD fluorescence, intracellular trafficking can be
monitored in real time, and, more importantly, such targeted siRNA-QD conjugates
achieved therapeutic knockdown of specific proteins in brain tumour cells.

Peptide-QD conjugates have been explored as delivery vectors for simultane-
ously monitoring intracellular transportation and delivery of siRNA into cells. Cell-
penetrating peptide conjugated QD are used to complex with cy3-labelled siRNA
[140]. This study demonstrated successful intracellular delivery and cellular distri-
bution of siRNA in the cells. However, the complex was found to be entrapped in
the endosome. To release siRNA from the endosome, acid neutralisation of the
endosome as well as destabilisation of such peptide-QD-siRNA complexes were
achieved by the addition of chloroquine to the cell culture environment. The addi-
tion of chloroquine was found to lead to a successful redistribution of siRNA to the
cytoplasm from the endosome. The engineering of QD-based delivery systems for
siRNA delivery can improve gene silencing by up to 20-fold, compared to tradition-
ally used transfection agents [141]. It is also notable that such QD-siRNA com-
plexes can achieve gene silencing in the presence of serum, whereas traditionally
used gene transfection agents need to work in serum-free environments. Such dra-
matic improvement is owing to a proton sponge effect, which is achieved by graft-
ing equal amounts of carboxylic and amine groups on the QD surface. Moreover,
fluorescence microscopy study has revealed that QD-siRNA complexes fast stick to
the cell membrane, followed by internalisation and accumulation in the area outside
of the cell nucleus, by monitoring QD fluorescence. The same group reported that



6 Multifunctional Quantum Dot-Based Nanoscale Modalities for Theranostic... 207

amphiphilic polymer amphipol-coated QD (with both carboxylic and amine groups)
can achieve efficient siRNA delivery, irrespective of the presence of serum [142].

6.2.2 Quantum Dot-Based Chemotherapy Modalities

The engineering of theranostic modalities integrated with imaging and therapy into
one unit has attracted enormous interest for cancer [143-146]. The presence of QD
as an imaging agent in the theranostic modalities allows for the visualisation of their
behaviour in real time. QD could allow the monitoring of biodistribution, the per-
centage of drugs in the target site, the regional uptake of the drug as well as the
clearance from the body in real time, after systematic administration. All this infor-
mation is believed to be greatly helpful for better understanding biological behav-
iours and for the further optimization of novel therapeutic modalities, in preclinical
and clinical investigations.

For the engineering of QD theranostic modalities, QD can be directly surface
conjugated with therapeutic molecules and targeting ligands [143—145]. One of the
most successful QD-based theranostic modalities is reported by Bagalkot et al. in
2007, who covalently conjugated PSMA-targeted aptamers to the surface of hydro-
philic QD and allowed doxorubicin loading through intercalation with the aptamers
[145]. In this QD-aptamer(Apt)-doxorubicin(Dox) conjugates, QD and Dox formed
a FRET pair (donor-receptor) and the loading of Dox quenched the QD fluores-
cence. This multifunctional QD demonstrated enhanced therapeutic effect in the
targeted cells (LNCAP), and the gradual recovery of QD fluorescence inside of the
cells indicated Dox release. Such theranostic modality showed promise for cancer
targeting, imaging, therapy and traceable drug delivery simultaneously in vitro.

Alternatively, nanoscaled delivery systems (e.g. liposomes [96, 147-150],
micelles [62, 151] and carbon nanotubes [152, 153]) can be used as a platform for
the construction of QD theranostic modalities [144, 146]. Liposomes are the most
established nanoscaled delivery systems. By the use of liposomes as a platform,
various targeting ligands, diagnostic and therapeutic agents of interests can be inte-
grated into liposomes for cancer imaging and therapy. This is particularly the case
when liposome-QD hybrid constructs are successfully engineered. For example,
Weng et al. (2008) covalently conjugated both anti-HER2-targeted scFv and hydro-
philic QD to the liposome surface and loaded doxorubicin into the aqueous core of
the liposomes for cancer imaging and therapy [146]. By tracking QD fluorescence,
high drug delivery into (MCF-7/HER2) tumour in vivo was evidenced by the visu-
alisation of strong QD fluorescence (14 % of total body fluorescence) in the tumour
site after systemic administration. However, the conjugation of QD directly to the
liposome surface has an adverse effect on the size of the whole structure. This was
evidenced by the fact that QD-conjugated liposomes showed a decrease in blood
circulation half-life, compared to liposome control (without QD).

Both Vogel and Kostarelos have proposed the engineering of lipid-QD hybrid, by
the incorporation of hydrophobic QD (2 nm in diameter) into the lipid bilayer of
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liposomes [147, 148, 150]. This is a straightforward method to make water-soluble
QD. The lipid-QD hybrid engineered using cationic lipids has been used to label
cells effectively in vitro and in vivo. Moreover, the lipid-QD hybrid can be used as
a modular platform to load anticancer drugs (e.g. doxorubicin) into the aqueous
core, and their surface can be further functionalised with targeting ligands for tar-
geted cancer theranostics. The successful engineering of lipid-QD hybrids repre-
sents a feasible way to engineer multimodal nanoconstructs, for the development of
personalised medicine. Such hybrids not only combine the unique fluorescent prop-
erties of QD with the physicochemical and pharmacokinetics of liposomes into one
single vesicle but also allow further surface modification with polyethylene glycol
and various targeting ligands (e.g. antibody).

Alternative multifunctional modalities can be engineered by simultaneous
encapsulation of Dox, QD and magnetic nanoparticles into PEG-lipid micelles, for
combined MRI and fluorescent imaging as well as cancer therapy [154]. Tumour
accumulation of such modalities was confirmed by both fluorescent and MRI imag-
ing after 20-h administration. Recently, the anticancer drug daunorubicin was
reported to complex with anionic QD (3-mercaptopropionic acid coated) inside of
cells, which could overcome multidrug resistance and improve the therapeutic
effect in leukaemia cell lines [155].

6.2.3 Quantum Dot-Based Photodynamic Therapy Modalities

Photodynamic therapy (PDT) is the use of a specific light to activate photosensitis-
ers (PS), in order to produce a toxic effect on certain cells and organs (e.g. tumour).
For quantum dot, the exposure of excitation light produces both QD fluorescences
and, in the meanwhile, leads to the production of reactive oxygen intermediates
(ROI) to cause cell toxicity for simultaneous photodynamic therapy and imaging
[156-158]. Photoactivation of QD is often accompanied by the production of ROI,
which could lead to the breakage of DNA in the QD-DNA conjugates [132]. In the
presence of antioxidant scavengers (e.g. N-acetylcysteine), such ROI-induced cell
toxicity can be suppressed significantly [120]. It is also notable that QD by itself as
photosensitisers cannot produce ROI for efficient cell toxicity.

An alternative strategy has been explored to use QD to enhance the toxicity of
conventional photosensitisers, by taking advantage of the fluorescence resonance
energy transfer (FRET) effect. QD can be used as a delivery platform for photosen-
sitisers due to large surface area, efficient energy transfer and photostability, for
improved photodynamic therapy. For example, the complexation between QD and
photosensitiser (e.g. chlorin e6) increases the photodynamic therapy by twofold
compared to chlorin e6 alone [157]. This was thought to be due to enhanced energy
transfer from QD to the photosensitiser through the FRET effect.
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6.3 Conclusion

QD has been used for the engineering of multifunctional theranostic modalities, for
the investigation of various biological behaviours, including gene therapy, chemo-
therapy and photodynamic therapy. For gene therapy, QD allows the monitoring of
complexation stability, release and intracellular trafficking inside of cells. For che-
motherapy, QD allows the monitoring of the release of the drug inside of the cells
and tracing nanoscaled delivery vectors’ (e.g. liposome) behaviours, in vivo, includ-
ing biodistribution and tumour accumulation. For photodynamic therapy, QD can be
successfully used as an energy donor to enhance the toxicity of conventional photo-
sensitisers. All these successes are attributable to QD’s superior fluorescent proper-
ties. Although the concerns regarding QD toxicity could delay their clinical
applications, QD as imaging agents are very useful for various biological studies
and in vitro sample analysis. With the development of novel water-soluble and
cadmium-free QD, the applications of QD-based theranostic modalities could offer
useful tools for the investigation and optimization of novel therapeutic agents in
clinical applications.
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Chapter 7
Organic Dye-Loaded Nanoparticles
for Imaging-Guided Cancer Therapy

Zonghai Sheng and Lintao Cai

Abstract Recently, organic dye-based imaging-guided cancer therapy has attracted
much attention in the field of cancer nanomedicine. As a small molecular com-
pound, organic dye has an exact molecular weight and chemical structure. It can be
not only used as fluorescence and photoacoustic imaging probes but also applied as
therapeutic agents for photodynamic and photothermal therapy. Functionalized with
the different delivery nanomaterials, organic dyes exhibit a long halftime and high
tumor targeting and promoted stability. In this chapter, we review the development
of organic dyes for cancer imaging and therapy applications in decades and illus-
trate the use of functional nanomaterials as organic dye delivery systems for enhanc-
ing their stability and tumor targeting, which show the bright prospects and
challenges toward organic dye-based imaging-guided cancer therapy.

Keywords Organic dye * Imaging-guided therapy ¢ Theranostics ¢ Fluorescence
imaging * Photoacoustic imaging * Photodynamic therapy ¢ Photothermal therapy
Photoimmunotherapy

7.1 Introduction of Organic Dye

Organic molecular dye has attracted much attention as diagnostic and therapeutic
agents in the field of tumor research [1]. They have demonstrated great successes in
imaging the treatment of cancer [2]. As a small molecular compound, organic dye
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has exact molecular weight and chemical structure. Moreover, it can be synthesized
easily. As a diagnostic agent, organic dye can be used as fluorescent and photo-
acoustic contrast agents [3]. Compared with current clinical imaging modalities,
such as computed tomography, ultrasound, MRI, single-photon emission computed
tomography, and positron emission tomography, fluorescence imaging has the
advantages of low cost, portability, no radiation exposure, and high-resolution and
real-time image acquisition, demonstrating promise in intraoperative and endo-
scopic cancer diagnosis [4]. Photoacoustic (PA) imaging as a novel imaging modal-
ity has received increasing attention in recent years [5]. PA imaging is based on the
PA effect, in which the absorbed short-pulsed electromagnetic (optical) energy is
transformed into heat, leading to acoustic emission due to a transient thermoelastic
expansion. In PA imaging, the detected acoustic signals are used to reconstruct the
optical absorption distribution in tissue. Therefore, excellent optical absorption con-
trast with high ultrasonic resolution is achieved at large depths inaccessible to other
high-resolution ballistic optical imaging modalities [6]. In addition, organic dye has
been used as a therapeutic agent for phototherapy, including photodynamic therapy
(PDT), photothermal therapy (PTT), and photoimmunotherapy (PIT). This type of
light-triggered treatment modalities has remarkably improved selectivity and fewer
side effects as compared to conventional radiotherapies and chemotherapies. In the
section, we will introduce some organic dyes, including indocyanine green (ICG),
IR700, IR780, IR825, chlorin e6 (Ce6), and fluorescein isothiocyanate (FITC) for
imaging-guided surgical therapy and phototherapy, respectively. The structures of
these organic dyes are listed in Fig. 7.1.

7.1.1 ICG

Indocyanine green (ICG, molecular weight 774.96 g/mol, CAS number 3599-32-4)
is a tricarbocyanine dye [7]. It is composed of two polycyclic (benzoindotricarbo-
cyanine) lipophilic moieties, linked with a polyene bridge. A sulfonate group, bound
to the nitrogens of each polycyclic part, provides net negative charge and water
solubility. Therefore, the entire molecular structure leads to amphiphilic character-
istics of ICG. ICG exhibits NIR emission maxima around 800 nm that make it
highly suitable for bio-imaging applications with high signal-to-background ratio.
It also can convert the absorbed light energy to produce heat and toxic chemical
species (such as singlet oxygen, superoxide anions, and hydroxyl radicals), forming
the respective bases for PA imaging, PDT, and PTT, respectively. Therefore, ICG
has been considered as a good imaging and therapy agent. However, the limitations
of ICG are clearly understood along with going deep into research gradually. It is
mainly manifested in the following aspects: (1) photo-degradation, degradation of
ICG in aqueous solution followed first-order kinetics and was accelerated by light
exposure; (2) thermal degradation, higher temperatures markedly accelerate the
degradation of ICG in aqueous solutions; (3) aqueous instability, ICG undergoes
degradation in aqueous media resulting in a simultaneous loss of absorption and
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Fig. 7.1 The structural formulas of several organic dyes (ICG, NHS-IR700, IR780, IR825, Ce6
and FITC)

fluorescence; (4) short circulation time (half-life 2—4 min); (5) easy to bind nonspe-
cifically to human serum albumin and result in its rapid clearance by the liver; and
(6) low fluorescence quantum yield due to internal conversion and photobleaching.
Therefore, to overcome these limitations, ICG molecular can be loaded, doped, and
conjugated with different NPs with different modification strategies. The prepared
ICG NPs have high photostability, thermal stability, long circulation time, and
tumor-targeting ability.

7.1.2 IR 700

IR700 is a relatively hydrophilic NIR phthalocyanine dye (excitation wavelength,
689 nm; emission wavelength, 700 nm) [8]. It has excellent photochemical stability
and water solubility. It is considerably less sensitive to photobleaching than many
other organic fluorochromes. Therefore, IR700 is suitable for optical imaging when
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conjugated to antibodies, receptor-binding ligands, small molecules, and more. In
addition, as a photodynamic agent, IR700 has a more than fivefold higher extinction
coefficient (2.1 x 10° M~! cm™! at the absorption maximum of 689 nm) than conven-
tional photosensitizers such as the hematoporphyrin derivative Photofrin
(1.2x10° M cm™ at 630 nm), the meta-tetrahydroxyphenylchlorin Foscan
(2.2x10*M~'cm™" at 652 nm), and the mono-L-aspartylchlorin e6 NPe6/Laserphyrin
(4.0x10*M™" cm™ at 654 nm). Therefore, it can be applied for NIR imaging-guided
PDT.

7.1.3 IR 780

The IR-780 iodide (excitation wavelength, 740 nm; emission wavelength, 780—
810 nm) is a lipophilic cation dye with peak absorption at 780 nm that can be con-
veniently detected by a NIR fluorescent detection system [9]. As a NIR dye, IR-780
provides a better sensitivity for in vivo detection due to significantly less back-
ground from tissue auto-fluorescence. IR-780 iodide has higher fluorescence inten-
sity and is more stable than ICG. A rigid cyclohexenyl ring in the heptamethine
chain with a central chlorine atom maintains photostability, increases quantum
yield, decreases photobleaching, and reduces dye aggregation in solution. Therefore,
IR-780 can be well utilized in PTT with laser irradiation. However, it is virtually
insoluble in all pharmaceutically acceptable solvents. To overcome the solubility
problem, IR-780 iodide usually needs to be delivered by micelles or nanoparticles
for in vivo experiments and clinical uses. IR-780 is still an important theranostic
agent although its lipophilicity limits its application.

7.1.4 IR825

IR825 is a heptamethine indocyanine dye which is a lipophilic cation with strong
adsorption at 825 nm (in methanol) [10]. The molar absorption coefficient of IR825
at the peak of 825 nm in methanol is about to be 1.145x 10° M~! cm™!. The fluores-
cence quantum yield (QY) of IR825 dye is <0.1 % in methanol, which is much
lower than that of ICG. IR825 was not water soluble. It always needs to be modified
by hydrophilic molecular amphiphilic polymer to become biocompatible. As IR825
shows a strong NIR absorption band and a rather low quantum yield, it can be used
for in vivo PTT of cancer. Most of organic dyes have low photothermal efficiency
because a part or even a majority of the absorbed optical energy is emitted from
those dye molecules as fluorescence instead of heat. IR825, with high NIR absorp-
tion coefficients but low QYs, can offer the best photothermal efficiency, since the
thermal effect would prevail in the energy dissipation process of those molecules
after light excitation. Therefore, IR825 could serve as an effective photothermal
agent to destruct cancer cells under NIR light.
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7.1.5 Ce6

Chlorin e6 (Ce6, molecular weight, 596.68; CAS number, 19660-77-6), a second-
generation PS, is an asymmetric molecule with three ionizable carboxylic groups
and has lipophilic characteristics and exists in different ionic forms, dependent on
pH [11]. Ce6 is the reduced form of porphyrin whose core absorbs wavelengths of
light too short for optimal penetration in tissue. The reduction of a pyrrole double
bond on the porphyrin periphery gives the chlorin core a high absorption at longer
wavelengths of 660—670 nm than those of porphyrins and is yet efficient in generat-
ing singlet oxygen. Ce6 is a promising photosensitizer as it exhibits advantageous
photophysical properties for PDT such as having long lifetimes in their photoex-
cited triplet states and high molar absorption in the red region of the visible spec-
trum. Moreover, a 664-nm laser light can penetrate tissue deeper than the 630-nm
laser light used for Photofrin. In addition, Ce6 has a shorter tumor accumulation
time, more rapid clearance, and higher singlet oxygen generation efficiency, com-
pared against first-generation PS photosensitizers such as hematoporphyrin deriva-
tives, Photofrin, Photosens, Levulan, and Visudyne which have been used
exclusively. Therefore, Ce6 is a good second-generation photosensitizer to be
applied for PDT with a high selective affinity for tumors.

7.1.6 FITC

Fluorescein isothiocyanate (FITC, molecular weight, 389.9; CAS number, 3326-32-
7), as a xanthene dye, is a derivative of fluorescein used in wide-ranging applica-
tions including flow cytometry and immunofluorescence (IF) microscopy. FITC has
excitation and emission spectrum peak wavelengths of approximately
488 nm/525 nm. It is the original fluorescein molecule functionalized with an iso-
thiocyanate reactive group (-N=C=S), replacing a hydrogen atom on the bottom
ring of the structure. This derivative is reactive toward nucleophiles including amine
and sulthydryl groups on proteins. Like most fluorochromes, it is prone to photo-
bleaching. Because of the problem with photobleaching, derivatives of fluorescein
have been improved for various chemical and biological applications where greater
photostability, higher fluorescence intensity, or different attachment groups are
needed. In addition, the intensity of fluorescence of FITC is also affected by the pH
value, which must be taken into account during various applications. FITC has a
good quantum yield. Almost half of the absorbed photons are emitted in the form of
fluorescent light. So FITC is widely used in the area of flow cytometry. This fluoro-
chrome can usually be measured with any standard commercial flow cytometer and
sorter. Another application of FITC is FITC-conjugated antibodies, which are used
very widely in laser scanning microscopy (LSM) and in immunofluorescence (IF)
microscopy. However, the low photostability of the FITC becomes an imperfection
in these applications.
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7.2 Organic Dye for Imaging-Guided Surgical Therapy

Fluorescence imaging has been demonstrated to be feasible during cancer surgery
using available imaging systems and contrast agents. As an important part of the
imaging-guided surgery, fluorescent contrast agents are important to visualize tumor
tissue [12]. At present, several fluorescent dyes have been applied for imaging-
guided surgery, including FITC, ICG, methylene blue (MB), and 5-aminolevulinic
acid (5-ALA)-induced protoporphyrin IX (PpIX). Among them, only ICG, MB, and
5-ALA have been approved by the US Food and Drug Administration (FDA) for
clinical applications.

Tumor-specific fluorescence imaging-guided surgical treatments could assist the
surgeon by providing real-time feedback on residual malignant tissue [13]. It may
improve staging and debulking efforts in cytoreductive surgery and thereby improve
prognosis. Clinical applicability has been described in sentinel lymph-node map-
ping, tumor imaging, visualization of vital structures, and imaging of vasculariza-
tion and perfusion [14]. As novel contrast agents are developed and camera systems
are optimized, the technique should prove its true clinical value. For example,
Ntziachristos et al. developed a folate conjugated to FITC (folate—FITC) probe for
targeting FR-o with a real-time multispectral intraoperative fluorescence imaging
system (Fig. 7.2) [15]. They reported for the use of this tumor-targeting probe for
real-time surgical visualization of tumor tissue in patients undergoing an explor-
atory laparotomy for suspected ovarian cancer. Real-time image-guided excision of
fluorescent tumor deposits of size <1 mm was feasible, and all fluorescent tissue
was confirmed to be malignant by histopathology. In the same patient, the tumor-
specific fluorescent signal originating from disseminated tumor deposits could be
detected up to 8 h after injection during a prolonged procedure. The real-time intra-
operative fluorescence imaging modality has several advantages compared to the
radiologic approaches such as X-ray, CT, MRI, and ultrasound. It offers a large field
of view for inspection and staging, which may decrease the number of needless
extensive surgical procedures. In addition, it may guide the surgeon in debulking
efforts, which may improve the effect of adjuvant chemotherapy in patients with
reduced tumor load. However, the emission wavelength of FITC dye is in the range
of visible light, which limited its tissue penetration. Therefore, development of new
fluorescent probe in the near-infrared spectrum will allow for identification of more
deeply seated tumors, based on the stronger penetration properties of NIR dyes with
an excitation wavelength >700 nm. Moreover, the miniaturization of the real-time
fluorescence imaging system will be a tendency. Nie et al. constructed an integrated
fiber-optic spectroscopic system (termed SpectroPen) that is stably aligned and cali-
brated and is thus well suited for robust surgical use [16]. The handheld spectro-
scopic pen device can be used to detect small tumors and other lesions in real time
during surgery using ICG as NIR probe. The main advantage of the SpectroPen is
that the observed ICG contrast between tumor and normal tissues is very clear and
strong, even though no tumor-targeting ligands are used. NIR fluorescence imaging
is a safe, low-energy (107! eV) approach to imaging and delivers 10° less energy
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Fig. 7.2 A schematic presentation of the targeting of ovarian cancer using a tumor-specific fluo-
rescent agent folate—FITC (Reprinted by permission from Macmillan Publishers Ltd: ref. [15],
copyright 2011)

than a routine chest radiograph (10* eV) making it safe for the surgeon, patient, and
surgical team. The in vivo studies by using mouse models bearing bioluminescent
4T1 breast tumors showed that the tumor borders could be precisely detected preop-
eratively and intraoperatively, resulting in real-time detection of both positive and
negative tumor margins around the surgical cavity. Next, Nie et al. further used this
method for detecting tumor margins and discovering residual tumor deposits during
surgery [17]. They used a novel local recurrence model in small animals in this
experiment. They found that residual tumor deposits could be detected with remark-
able accuracy. There was no associated toxicity and surgical outcomes were remark-
ably improved by combining NIR imaging with standard-of-care surgical resection.
Therefore, it may add to the surgeon’s armamentarium in judging completeness of
resection.
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7.3 Organic Dye-Conjugated Antibody for Imaging-Guided
Photoimmunotherapy

Photoimmunotherapy (PIT) is a novel PDT treatment method developed by Hisataka
Kobayashi’s group in 2011 [18]. The PIT utilizes a monoclonal antibody (mAb)
conjugated with a dye, also known as photosensitizer. The mAb can specifically
identify the targeted site, and the dye or photosensitizer can be applied for
PDT. Therefore, the dye—-mAb conjugation exhibits a good selectivity which derived
from target-specific antibody binding to the cell membrane of target cells. In a xeno-
graft tumor model, the A431 tumors (HER1 positive) were visualized with IR700
fluorescence 1 day after intravenous injection of 50 pg of mAb-IR700. The fluores-
cence intensity of mAb-IR700 in the A431 tumors decreased gradually over the
4 days after injection, whereas the tumor-to-background ratios (TBRs) increased
during this period. However, the fluorescence intensity of the 3T3-HER2 tumor
(HERI1 negative) was the same as that of the background (nontumor lesions). The
results showed the target-specific accumulation of mAb-IR700 in vivo. After that,
the A431 tumors were treated with a single dose of light at 1 day after injection of
mAb-IR700. Tumor volume was significantly reduced in A431 tumors treated with
mAb-IR700-mediated PIT compared to untreated control mice, and survival was
significantly prolonged in mice treated with mAb-IR700-mediated PIT compared to
controls. This selective cell killing minimizes damage to normal cells [19]. Although
single administration of the therapy was highly effective, recurrences were seen in
treated mice, because inhomogeneous mAb-IR700 distribution in the targeted tumor
could lead to not killing a small fraction of cancer cells, to which mAb-IR700 did
not bind with NIR light. Therefore, to overcome the shortcomings, Makoto
Mitsunaga et al. developed an optimized regimen of effective PIT method [20].
Under the guidance of IR700 fluorescence signal, the HER 1-overexpressing tumors
were irradiated by NIR laser for more times, and therapeutic effects were moni-
tored. Eighty percent of the A431 tumors were eradicated with repeated PIT without
apparent side effects and survived tumor-free for more than 120 days even after
stopping therapy at day 30. The results showed that PIT was a promising highly
selective and clinically feasible theranostic method for treatment of mAb-binding
tumors with minimal offtarget effects. In addition, Takahito Nakajima et al. devel-
oped fluorescence lifetime imaging for real-time monitoring of in vivo acute necrotic
cancer cell death induced by near-infrared PIT [21]. Moreover, Takahito Nakajima
et al. further demonstrated that a cocktail injection of two different antibody-IR700
conjugates created a more homogeneous microdistribution of antibody conjugates
resulting in enhanced therapeutic effects after PIT, compared to the use of either
antibody-IR700 conjugate. Therefore, the tumor-targeting PIT shows a potential
application in clinic (Fig. 7.3).
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Fig. 7.3 IR-700 dye-conjugated monoclonal antibodies (mAbs) for fluorescence imaging and
photoimmunotherapy (PIT). (a) A schematic for explaining the conjugated process of IR-700 dye
and mAbs. (b) IR-700-mAb conjugations for fluorescence imaging of HERI1-positive A431
tumors. (c¢) Target-specific tumor growth inhibition by IR-700-mAb conjugation-mediated PIT in
A431 tumors (Reprinted by permission from Macmillan Publishers Ltd: ref. [18], copyright 1993)

7.4 Organic Dye-Loaded Inorganic Nanoparticles
for Imaging-Guided Phototherapy

Dye-loaded inorganic nanoparticles for imaging-guided phototherapy have attracted
much attention in recent years. Several inorganic nanoparticles have been used as
dye delivery materials, including calcium phosphosilicate, poly(allylamine hydro-
chloride) assembled mesocapsules, and SiO, nanoparticles. In this part, we will
introduce the three kinds of inorganic nanoparticles for imaging-guided
phototherapy.

7.4.1 Calcium Phosphosilicate Nanoparticles

Calcium phosphate (CP) is a primary biomineral and exhibits an excellent compat-
ibility and low immune response [22]. CP nanoparticles are nontoxic, colloidally
stable, nanoscale vehicles that deliver chemotherapeutics and imaging agents. Adair
et al. developed bioresorbable CP nanoparticles for loading ICG for In vivo imaging
of human breast cancer, pancreatic cancers, and in vivo photodynamic therapy of
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leukemia [23-25]. Spherical CP nanoparticles doped with ICG were synthesized
using aqueous coprecipitation of calcium chloride and disodium hydrogen phos-
phate in the presence of disodium silicate within water-in-oil microemulsions. The
mean particle diameter is 16 nm with a carboxylate or PEG surface termination that
provides electrostatic dispersion in physiological conditions. The optical properties
of ICG were further enhanced after ICG-encapsulated CP nanoparticles. PEGylated
ICG-CP nanoparticles accumulate in tumors via enhanced retention and permeabil-
ity (EPR) within 24 h after systemic tail vein injection in a nude mouse model. Ex
situ tissue imaging further verifies the facility of the ICG—CP nanoparticles for
deep-tissue imaging with NIR signals detectable from depths up to 3 cm in porcine
muscle tissue. Based on the exciting results, Barth et al. further developed ICG-CP
nanoparticles that can be systemically targeted to breast and pancreatic cancer
lesions. The human holotransferrin, anti-CD71 antibody, and short gastrin peptides
were conjugated with the ICG—CP NPs by a maleimide coupling strategy. The
obtained ICG—CP nanoparticles permit targeting of transferrin receptors, which are
highly expressed on breast cancer cells. Moreover, ICG—CP nanoparticles could
cross the blood-brain-barrier, which may expand the utility of the CP nanoparticles
to therapeutics targeted to glioblastoma or even to neurodegenerative or psychiatric
disorders. In 2011, ICG—CP nanoparticles were further evaluated as photosensitiz-
ers for PDT of leukemia. The in vivo efficacy of PDT was dramatically enhanced in
a murine leukemia model by utilizing CD117-targeted ICG—CP nanoparticles,
resulting in 29 % disease-free survival. Altogether, this study demonstrates that
leukemia-targeted ICG-loaded CP nanoparticles offer the promise to effectively
treat relapsing and multidrug-resistant leukemia and to improve the life of leukemia
patients (Fig. 7.4).

Fig. 7.4 The TEM image
of ICG-loaded CP
nanoparticles (Reprinted
with permission from ref.
[23]. Copyright 2008,
American Chemical
Society)
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7.4.2 Poly(allylamine hydrochloride)-Assembled Mesocapsules

Poly(allylamine hydrochloride)-assembled mesocapsules were developed by Wong
and coworkers in 2007 [26]. The self-assembly process is very simple and rapid.
Aqueous solutions of polyallylamine hydrochloride (PAH) and dihydrogen phos-
phate salt are mixed together to form spherical aggregates. ICG was encapsulated
into the NPs with electrostatic interactions. The reaction can be carried out under
mild conditions, such as room temperature, aqueous solution, and neutral pH. In a
typical synthesis, poly(allylamine hydrochloride) (PAH, 2 mg/mL, 20 pL) was
mixed with the Na,HPO, solution (0.01 M, 120 pL) and aged for 10 min at4 °C. ICG
solution with different concentrations was added to the polymer aggregate suspen-
sion. After that, the SiO, sol (diluted to 7 wt.%, 60 pL) was added and aged for 2 h
at 4 °C. The prepared ICG loading PAH capsules exhibited a spherical shape with
particle size range of 0.6—1.0 pm. The maximum loading efficiency of ICG was
23 wt.%. ICG molecule shows a negligible leakage from the PAH capsules after
24 h at room temperature in phosphate buffer saline solution. Under the NIR laser
irradiation (808 nm, 155 W/cm?2), the ICG-containing NACs showed a good photo-
thermal response behavior and photothermal stability. The temperatures of ICG—
NACs capsules reached >80 °C after 30 s of laser irradiation. After multiple
photothermal heating cycles, the capsules were stable. Moreover, the [CG-NACs
capsules were biocompatible in cell experiments. The results indicated the potential
applications of ICG-NACs capsules in imaging-guided PTT [27]. However, the
large particle size of ICG-NACs limited its in vivo application. Anvari et al. pre-
pared three different ICG-NACs capsules: 100 nm diameter, coated with dextran;
500 nm diameter, coated with dextran; and 100 nm diameter, coated with 10 nm
ferromagnetic iron oxide nanoparticles, themselves coated with polyethylene gly-
col. They investigated the effects of surface coating and size of the NACs capsules
on the ICG’s biodistribution in healthy Swiss Webster mice and evaluated the bio-
distribution kinetics of various formulations of MCs [28]. These coating materials
were selected considering their excellent biocompatibility. The results suggested
that the capsules’ coating influenced their biodistribution to a greater extent than
their size. The ICG-NACs capsules accumulated in the liver and spleen, as well as
the lungs. It suggested that MCs were removed from the blood stream by hepatic
filtration, phagocytosis by cells of the RES, and endocytosis by pulmonary endothe-
lial cells. The NACs-based ICG delivery systems enabled the potential development
of new optical imaging and therapeutic strategies. Based on this, Anvari et al. inves-
tigated fluorescence imaging of ICG-NACsSs coated with polylysine or magnetite/
polyacrylic in living mice [29]. They indicated that the coating influenced the circu-
lation time and tissue distribution of the capsules. For example, a coating of super-
paramagnetic magnetite NPs was readily taken up by the lungs. The positively
charged polylysine capsules exhibited a prolonged circulation time in the blood
stream. Therefore, the next works should be focused on the surface modification of
ICG-NAC:S capsules. These results showed that ICG-nano-NACs-based had poten-
tial applications in fluorescence imaging-guided tumor-targeting PTT. However, the
experiments needed to be further investigated in the future (Fig. 7.5).
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Fig. 7.5 Synthesis and application of ICG-NACs. (a) Schematic of ICG encapsulation in silica
NP-assembled capsule (NAC). (b) Multiple laser irradiation/cooling cycles demonstrating
increased stability of encapsulated ICG-NACs compared to free ICG. (¢) ICG-NACs for in vivo
fluorescence imaging. (d) In vitro PTT using ICG-NACs (Reprinted with permission from ref.
[27]. Copyright 2010, American Chemical Society)

7.4.3 SiO, Nanoparticles

As an inorganic material, SiO, exhibits excellent stability and biocompatibility. The
FDA listed silica as “generally recognized as safe.” ICG-doped SiO, NPs protect the
ICG from photobleaching and photodegradation. The silica surface also enables
easy and flexible surface treatments. Recently, Quan et al. successfully developed a
method for preparation of ICG-doped silica NPs [30]. Cationic polymer polyethyl-
enimine (PEI) was interacted with anion ICG, and the ion pair was encapsulated by
a silica layer using the Stober method. The prepared ICG-doped SiO, NPs have
diameters in the range 50-200 nm. The isolation of ICG molecules from the sur-
roundings by the silica layer greatly enhanced the photostability of ICG-doped SiO,
NPs. However, in vivo imaging and therapy ability of the ICG-doped SiO, NPs have
not been investigated. Lee et al. reported ICG-doped mesoporous silica NPs for
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optical imaging in living mice for the first time [31, 32]. The high dispersion of ICG
molecules in the large surface areas of mesoporous silica could efficiently prevent
them from aggregation and thus decrease the fluorescence self-quench. In addition,
the nanochannels of mesoporous silica providing the confined space not only can
protect ICG molecules from the irreversible degradation but also diminish the
immune response. The studies of in vivo biodistribution of ICG-doped mesoporous
silica revealed that the particles in the size of 50—100 nm possessing relatively posi-
tive surface charge were mainly targeting to the liver.

7.5 Organic Dye-Loaded Organic Nanoparticles
for Imaging-Guided Phototherapy

Organic nanoparticles have been wildly used as nanocarriers for cancer-targeted
delivery [33]. As a clinically promising nanocarrier, organic nanoparticles have
multiple advantages such as sustained release, prolonged circulation, and enhanced
permeability and retention (EPR) effect [34-36]. In particular, the nanoparticles
possess an excellent biocompatibility and biodegradability, which is important for
clinical transformation applications. So far, several organic nanoparticles have been
used to encapsulate or conjugate organic dye for improving their photostability,
drug loading efficiency, as well as in vivo tumor-targeting accumulation, which
could be prone to achieve imaging-guided tumor phototherapy [37, 38]. These dye-
loaded organic nanoparticles mainly included polymeric nanomicelles, protein
nanoparticles, and so on. In this part, we will focus on the introduction of the dye-
loaded polymeric nanomicelles, PLGA nanoparticles, and protein nanoparticles for
imaging-guided tumor phototherapy.

7.5.1 Dye-Loaded Polymeric Nanomicelles for Imaging-
Guided Tumor Phototherapy

Polymeric nanomicelles with a unique core—shell structure have been successfully
applied for organic dye delivery. Generally, the inner core served as a nanocontainer
of organic dye, and the shell was surrounded by hydrophilic polymers, such as
poly(ethylene glycol) (PEG). Therefore, the nanomicelles exhibited longevity in the
blood stream and effective tumor accumulation after their systemic administration.
In addition, nanomicelles have also several advantages, such as a simple prepara-
tion, efficient drug loading without chemical modification of the parent drug, and
controlled dye release [39]. In this part, we will show nanomicelles as dye delivery
for imaging-guided tumor phototherapy.
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7.5.2 Poly(ethylene glycol)-Distearoylphosphatidylethanolamine
Block Copolymers (DSPE-PEG) Nanomicelles

Poly(ethylene glycol)—distearoylphosphatidylethanolamine (PEG-DSPE) block
copolymers are biocompatible and amphiphilic polymers, have been approved by
the Food and Drug Administration (FDA) for medical applications, and can be
widely utilized in the preparation of different nanomicelles [40]. The amphiphilic
polymers are nanostructures composed of a hydrophobic core (DSPE) and a hydro-
philic shell (PEG). The core—shell structure can encapsulate and carry poorly water-
soluble dyes to congregate in the core of DSPE, and the terminal groups of PEG can
be activated and linked to various targeting ligands, which can prolong the circula-
tion time, improve the drug bioavailability, reduce undesirable side effects, and
especially target specific cells, tissues, and even the intracellular localization in
organelles. At present, the commonly used lipid derivative of PEG is methoxy—
PEG-DSPE with a methoxy terminal. In order to link with different ligands, the
terminal groups of methoxy—PEG-DSPE needed to be further modified. The com-
mon end-group forms of PEG-DSPE derivatives include carboxylation, amination,
and maleylation. To improve treatment and efficacy and reduce drug toxicity, tar-
geted moieties in the modification of the PEG-DSPE end groups have been recog-
nized as a promising strategy. Folate acid (FA) [41], transferrin [42], peptide [43],
and antibody [44] were used to graft to the end groups of PEG-DSPE. Previous
reports have demonstrated that the DSPE-PEG could effectively encapsulate dye
for imaging-guided tumor phototherapy. For example, Cai et al. reported a tumor-
targeting ICG-loaded nanomicellar probe for in vitro and in vivo fluorescence imag-
ing [45]. The nanomicelle was prepared by using a modified nanoprecipitation
technique combined with self-assembly. All the raw materials, including PLGA,
DSPE-PEQG, lecithin, are approved by the FDA and showed a high biocompatibility.
The prepared FA-ICG-PLGA-lipid NPs exhibited good monodispersity, excellent
NIR penetration ability, significant stability against photobleaching, and long circu-
lation time. The cancer cell targeting experiments showed the folic acid (FR)-
targeting ICG nanomicelle could be effectively internalized by the MCF-7 cancer
cells (known to overexpress FR). On the contrary, A549 cells (low FR expressing)
did not take up the FA-ICG-PLGA-lipid NPs anymore. Moreover, the in vivo
experiments showed the FA-ICG-PLGA-lipid NPs were specifically targeted to the
tumor, and its circulation time was much longer than free ICG. The results demon-
strated that nanomicelle as ICG delivery system showed a potential application in
tumor diagnosis and targeted imaging. After that, Cai et al. further developed a
single-step assembly strategy for sonication-assisted synthesis of ICG-/DOX-
loaded lipid—polymer nanomicelle for NIR fluorescence imaging and chem-
photothermal combination therapy [46]. PLGA polymer co-encapsulated ICG and
DOX to form a core. Lecithin and DSPE-PEG self-assembled around the PLGA
core to form a lipid monolayer covered by a PEG shell for the stabilization of the
core. The ICG nanomicelle had a high temperature response under NIR laser irra-
diation. The temperature of ICG-/DOX-loaded lipid—polymer nanomicelle
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Fig. 7.6 1CG and DOX-loaded nanomicelles for fluorescence imaging-guided chem-photothermal
combination therapy (Reprinted with permission from ref. [46]. Copyright 2013, American
Chemical Society)

maximally reached 53.2 °C, which could lead to an irreversible damage to tumor
cells. Moreover, the temperature increase could accelerate DOX released from the
nanomicelle. The total release of DOX by 72 h was significantly enhanced to
97.00 %, indicating that the drug release of DINPs could be controlled by laser
irradiation. Therefore, under the NIR fluorescence imaging, the combined treatment
of ICG/DOX nanomicelle with laser irradiation synergistically induced the apopto-
sis and death of DOX-sensitive MCF-7 and DOX-resistant MCF-7/ADR cells and
suppressed MCF-7 and MCF-7/ADR tumor growth in vivo. The prognosis could be
evaluated by NIR fluorescence imaging (Fig. 7.6).

In addition, Cai et al. studied the effect of particle sizes of ICG nanomicelle on
the ICG accumulation and photothermal efficacy in tumor. They prepared ICG
nanomicelles with 39 nm, 68 nm, and 116 nm via single-step nanoprecipitation and
demonstrated that 39-nm INPs were more easily absorbed by pancreatic carcinoma
tumor cells (BxPC-3) and showed better photothermal damage than that of 68 nm
and 116 nm size of nanomicelles [47]. Simultaneously, the fluorescence of INPs
offered a real-time imaging monitor for subcellular locating and in vivo metabolic
distribution. The NIR fluorescence imaging and photothermal therapy illustrated
that 68-nm nanomicelles showed the strongest efficiency to suppress tumor growth
due to abundant accumulation in BXxPC-3 xenograft tumor model. The findings
revealed that a nontoxic, size-dependent, theranostic nanomicellar model was built
for in vivo NIR fluorescence imaging-guided photothermal therapy without adverse
effect. Xing et al. prepared ICG-containing nanostructure, phospholipid—polyethyl-
ene glycol (PL-PEG) micelle conjugated with folic acid (FA), and integrin avf3
monoclonal antibody (mAb), for NIR fluorescence imaging and PTT, respectively
[48]. The preparation process is very simple. ICG and PL-PEG were mixed with a
mass ratio of 1:100. The solution was stirred at room temperature for 5 min and was
filtrated using 2,000-Da filters (Millipore) to remove excess nonbinding ICG. The
FA or mAb was conjugated with ICG-PL-PEG-COOH by EDC/NHS coupling
chemistry. The self-assembled nanostructures of PEGylated phospholipids have
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several advantages. For example, phospholipids and PEG are biocompatible and
relatively nontoxic. Phospholipids are the major component of cell membranes, and
PEG has been approved for human use; therefore, both of them are safe to use in
biological systems. As hydrophobic materials, phospholipid (PL) provides addi-
tional stability, because the existence of two hydrocarbon chains contributes consid-
erably to the increased hydrophobic interactions. The hydrophilic PEG surrounding
the micelle surface renders the micelle sterically stable, protecting it from mono-
nuclear phagocytic system (MPS) uptake and increasing drug circulation time. Both
passive and active targeting can be realized, which will greatly increase drug accu-
mulation in targeted tissues. When the ICG-PL-PEG micelles were exposed to an
808-nm NIR laser at a power density of 2 W/cm?2 for 10 min, a rapid increase of
temperature was observed, and the maximum temperature increased up to 57.3 °C.
The tumor cells could be effectively killed, exhibiting distinctive characteristics of
cellular damage, including coagulative necrosis, abundant pyknosis, and consider-
able regions of karyolysis [49]. Irradiation of an 808-nm laser after intravenous
administration of [CG-PL-PEG-mAb micelles resulted in tumor suppression in
mice. Meanwhile, the ICG-PL-PEG-—mAb could effectively target tumor cells and
increase their accumulation in tumors. Therefore, the NPs could be applied for
in vivo fluorescence imaging for cancer detection. Therefore, this unique ICG-PL—
PEG-mAb nanomicelle, with integrated fluorescence imaging and photothermal
therapeutic capabilities, can serve as theranostic nanoprobe for imaging-guided
therapy.

7.5.3 PEG-b-poly(aspartate) (PEG—PAsp) Block Copolymer
Nanomicelles

PEG-b-poly(aspartate) (PEG-PAsp) block copolymers were firstly developed as
drug delivery system by Kataoka’s group [50]. Compared with polymer micelles
from amphiphilic block copolymers, PEG-PAsp micelles have some unique charac-
teristics. For example, the size of PEG—PAsp micelles can be precisely controlled
between 100 and 400 nm, by changing the concentration of the component poly-
mers. Loading of antitumor drug can be achieved by simply vortex mixing in aque-
ous milieu without using any organic solvents. In addition, the PEG-PAsp micelles
can be cross-linked in a controlled manner to tune the stability and the permeability,
leading to a controlled release of antitumor drug in physiological environment [51].
The optimized PEG-PAsp nanomicelle is currently under phase II clinical trial in
Japan [52]. As a dye delivery system, PEG-PAsp micelles have been also investi-
gated in recent years. For example, Chen et al. prepared ICG-loaded micelles using
monomethoxy poly(ethylene glycol) and alkylamine-grafted poly(L-aspartic acid)
[53]. The polyaspartamide was chosen as the copolymer backbone in the consider-
ation of biocompatibility requirements and versatile modification of hydrophobic
segments. It had the smallest diameter of 41.4 nm with the polydispersity index of
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0.09, which indicated the formation of the most compact micellar cores with a
spherical morphology. The ICG loading efficiency was 20 %, which was higher
than those of existing NPs. Compared with free ICG, the micelles had a good fluo-
rescent stability during 48 h at 4 °C and 25 °C and exhibited a significant sustained
release capability. Cell uptake experiments showed that the micelles could easily be
internalized by cancer cells and mainly distributed into endosomes/lysosomes. The
in vivo experiments showed that the micelles were effectively distributed into tumor
at 24 h postinjection and also maintained a good retention of NIRF signals of tumor
at 96 h postinjection, which was better than that of free ICG. For the mice bearing
hypervascular A549 and hypovascular BxXPC-3 tumors, the micelles exhibited a
high tumor targeting and exhibited a significant accumulation of NIR fluorescence
signals at tumor at 24 h postinjection. Therefore, the ICG—polyaspartamide could be
applied for long-term NIR fluorescence tumor imaging. In addition, under the NIR
laser irradiation (1.0 W/cm? for 5 min at 24 h postinjection), the tumor tissue tem-
perature could rapidly increase to above 42 °C, which could efficiently kill the can-
cer cells. Therefore, the ICG—polyaspartamide micelles could be used as a powerful
theranostic nanocarrier for simultaneous cancer imaging with high contrast and
superior photothermal therapy (Fig. 7.7).

To further enhance the cancer treatment efficiency, Chen et al. prepared report a
PS (Ceb6)-loaded micelle system encapsulating cyanine dye for PTT and PDT syn-
ergistic phototherapy [54]. The micelles exhibited high loading capacity to encap-
sulate Ce6 (20 %(w/w)) and cypate (20 %(w/w)). The particle size is 55.0 nm. The
micelles showed a stable micelles structure in aqueous solution and physiological
environment. The binary micelles exhibited excellent photothermal effects. It exhib-
ited a quick increase of temperature from 28 to 42 °C in 200 s at the concentration
of 2.0 mg/mL upon 1.5 W/cm? photoirradiation. Meanwhile, the Cy/Ce6 micelles
could also generate singlet oxygen via photodynamic effect. Both of the photother-
mal and photodynamic effects are Cy/Ce6 micelle concentration dependent.
Moreover, under the laser irradiation, the Cy/Ce6 micelles showed a negligible
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Fig. 7.7 Schematic illustration of PS-loaded nanomicelles for dual-modal imaging-guided PDT/
PTT synergistic therapy (Reprinted from ref. [54]. Copyright 2014, with permission from Elsevier)
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influence on the photostability, which are expected to improve PDT and PTT effi-
cacy. In vitro experiments, the study showed that the micelles can easily improve
the cellular uptakes of PS and cypate dye. The endocytotic pathways were focused
on the clathrin-mediated endocytosis. Under the NIR laser irradiation, the photo-
thermal and photodynamic effects from Cy/Ce6 micelles could effectively disrupt
the lysosomal membranes. Therefore, the Cy/Ce6 micelles might escape from lyso-
somes into cytosol and enhance the treatment efficiency. In vivo experiments dem-
onstrated that the Cy/Ce6 micelles could accumulate in tumor tissue and exhibited
a relatively prolonged retention of NIRF signals in the tumor during the imaging
period of 4 days. In addition, the PA imaging of Cy/Ce6 micelles exhibited a power-
ful capacity to visualize the tumor microstructure with high spatial resolution and
imaging contrast. Therefore, after fluorescence and PA dual-modal imaging-guided
therapy, the tumor growth could be efficiently inhibited, showing a synergistic effi-
cacy on tumor via the enhanced cytoplasmic delivery of Ce6. The studies provided
dual-modal imaging-guided synergistic cancer treatments and showed a great
potential for clinical translation. After that, Chen et al. further developed ICG/DOX
micelles for imaging-guided combined PTT and chemotherapy [55]. Upon photoir-
radiation, ICG/DOX micelles could induce NIR fluorescence imaging, acute photo-
thermal therapy via hyperthermia, and simultaneous synergistic chemotherapy via
singlet oxygen-triggered disruption of lysosomal membranes, eventually leading to
enhanced NIR fluorescence imaging and superior tumor eradication without any
regrowth.

7.5.4 Surfactant Micelles

Surfactant micelles, such as Tween 80, Pluronic F 68, Cremophor RH 40, and
Solutol HS 15, two sugar-based surfactants (Ryoto sugar ester L 1695 and S 1170),
and mixed micelles containing glycocholic acid and phosphatidylcholine have been
investigated for parenteral use, because of their low toxicity, biodegradability, and
excellent emulsifying properties. Additionally, they are nonionic and display lower
temperature sensitivity in comparison to the PEG surfactants [56]. Therefore, these
micelles have been used to encapsulate NIR dye ICG for overcoming their limita-
tions, including concentration-dependent aggregation, poor aqueous stability
in vitro, and low quantum yield. For example, Méder et al. prepared a variety of ICG
nanomicelle by direct dissolution method and carefully investigated the effects of
different surfactants, such as Tween 80, Pluronic F 68, Cremophor RH 40, and
Solutol HS 15 and two sugar-based surfactants (Ryoto sugar ester L 1695 and S
1170) on the size, morphology, zeta potential, stability, optical properties, and
hemolytic activity [57]. The results showed clearly that surfactant micelles were
useful tools with which to overcome the drawbacks of ICG. Moreover, after com-
parative studies, Solutol HS 15 micelles were used as potential nanocarriers for ICG
that improve the optical properties of the dye and provide for high aqueous stability
and low hemolytic activity. The micelles were monodisperse with an average
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diameter of 12 nm and a zeta potential close to zero. ICG within Solutol HS 15
micelles was stable over a 4-week period when stored at 4 and 25 °C. The hemolytic
activity of free ICG in water was significantly reduced by incorporation into the
micelles. The studies provided some important results for the further application of
ICG in NIR fluorescence imaging and PTT.

7.5.5 Polypeptide Micelles

Polypeptide micelles have been widely used in drug and gene delivery for their
biocompatibility and biodegradability [58]. Compared with traditional polymers,
the component and structure of synthetic polypeptides are more similar to natural
proteins. Moreover, the synthetic polypeptides have stable secondary structures in
physiological solutions, which would contribute to the high stability of delivery
systems [59]. Moreover, the polypeptide micelles usually have a positive charge. In
contrast with water-soluble cationic polymers, cationic micelles have a core—shell
structure in aqueous medium with hydrophobic segments as the core and cationic
hydrophilic segments as the shell. This special structure can improve the efficiency
of cell uptake. Recently, Cai et al. also used a new type of amphiphilic PEG—poly-
peptide hybrid triblock copolymer of poly(ethylene glycol)-b-poly(L-lysine)-b-
poly(L-leucine) (PEGPLL-PLLeu) nanomicelle-encapsulated ICG for tumor
imaging and PTT [60]. Compared with free ICG, the hybrid polypeptide nanomi-
celles significantly improved quantum yield and fluorescent stability. The cellular
uptake experiments showed that nanomicelles have a high cellular uptake rate. And
the in vivo experiments demonstrated the excellent passive tumor targeting ability
and long circulation time of the ICG nanomicelles. The above results indicated the
broad prospects of hybrid polypeptide application in the fields of tumor diagnosis
and imaging. In addition, temperature measurements under NIR laser irradiation
and in vitro photothermal ablation studies proved the potential application of hybrid
ICG nanomicelles in tumor photothermal therapy. Therefore, the ICG-loaded hybrid
polypeptide nanomicelles could also be applied for imaging-guided PTT. In addi-
tion to polymer and polypeptide, the dextran could be used as an ICG delivery sys-
tem for NIR fluorescence imaging and PTT in vivo.

7.5.6 Pluronic F-127 Micelles

Pluronic® triblock copolymers are a class of ABA triblock copolymers, which offer
a pool of more than 50 amphiphilic, water-soluble, and polymorphic materials (A %
hydrophilic block poly(ethylene oxide) (PEO) and B '4 hydrophobic block
poly(propylene oxide) (PPO)). It has been used as drug delivery carriers in clinical
use, clinical trials, or preclinical development [61]. Moreover, Pluronic F-127 has
been approved by the FDA for parenteral use, demonstrating its excellent biosafety.
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Additionally, the physical and chemical properties of Pluronic® copolymers can be
tuned by modifying the molar mass ratio between the PEO and PPO blocks (from
1:9 to 8:2), which provides high potential for the design of innovative nanomedi-
cines and new biomaterials. In addition, the thermosensitive micellization property
of PF-127 is another advantage for efficient ICG stabilization and tumor localiza-
tion in vivo. Pun et al. prepared Pluronic F-127 (PF-127, PEO100-PPO65-PEO100)
polymeric micelles using solvent evaporation method for ICG delivery in vivo [62].
Pluronic F-127 has been approved by the FDA for parenteral use. The Pluronic
F-127 exhibited a thermosensitive property. At room temperature, both the hydro-
philic EO and hydrophobic PO blocks within a Pluronic molecule are hydrated and
are relatively soluble in water, but when temperature is above the critical micelle
temperature, the PO block dehydrates and becomes insoluble, resulting in the for-
mation of compact micelles of 20-30 nm size. The ICG-Pluronic F-127 micelles
have small particle size with narrow size distribution, excellent stabilizing ability at
physiological temperature, and prolonged circulation time. The surface of the
micelles can potentially be engineered for specific purposes such as incorporation
of a targeting ligand for active tumor targeting. Solid tumors in mice were specifi-
cally visualized after intravenous administration of ICG-loaded micelles, which
suggested that PF-127 micelle could be an efficient ICG delivery system for tumor
targeting and also for potential tumor diagnosis for long-term follow-up. Moreover,
clinical translation of the micelles may also be facilitated due to the raw materials,
including PF-127 and ICG, already approved by the FDA.

7.5.7 Dye-Loaded PLGA for Imaging-Guided Tumor
Phototherapy

Poly(lactic-co-glycolic acid) (PLGA) is biodegradable and biocompatible carriers,
which have been approved by the FDA for therapeutic use in humans [63]. The
PLGA nanoparticle exhibited enhanced permeation and retention (EPR) effect that
allows passive targeting from the blood stream into the tumor site. Therefore, PLGA
as ICT’s carriers for imaging-guided PTT has attracted much attention in recent
years. ICG encapsulation by PLGA nanoparticles effectively protects ICG from
aggregation and protein interaction, thereby stabilizing the optical characteristics of
ICG. It not only preserves the aqueous, thermal, and photostability of ICG but also
increases the circulation half-life. In addition, targeting ligands can be conjugated to
ICG-PLGA nanoparticles to make them cancer specific. Patel et al. reported a
double-emulsion technique for the synthesis of ICG-loaded PLGA NPs. The TEM
image showed PLGA NPs with the spherical shape and smooth surface and its par-
ticle size in 250-300 nm range [64]. The ICG loading efficiency was found to be
48.8 %. The optical properties of ICG were not changed after PLGA encapsulation.
Moreover, PLGA improved the stability of ICG in aqueous conditions and also
preserved the fluorescence property of ICG. The ICG-loaded PLGA NPs were
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cytocompatible with the healthy cells for lower concentrations and showed no toxic
effects. After conjugated with different ligands, such as RGD-4C peptides, folic
acid, and R11 peptides, the ICG-loaded PLGA NPs showed a good cancer cell tar-
geting. In phantom experiments, the ICG-loaded PLGA NPs exhibited the great
absorbing and heating ability similar to that of ICG, leading to augmented thermal
effects and possible tissue hyperthermia for future cancer treatments. Xu et al.
developed novel dual-modal PLGA microbubbles for the structural and functional
imaging of cancer. Three SEM images show that the microbubbles have a mean
diameter of 3.4 pm, and the thickness is around 0.5 pm. The in vitro results demon-
strated that the ICG-PLGA microbubbles have excellent fluorescence and ultra-
sonic contrast abilities. The changes of microbubble flow rate and concentration
with high linearity and accuracy can be successfully captured, showing one poten-
tial application of the proposed ICG-encapsulated PLGA microbubbles for the iden-
tification and characterization of peritumoral neovasculature for enhanced
coregistration between tumor structural and functional boundaries in ultrasound-
guided near-infrared diffuse optical tomography.

7.5.8 Dye-Loaded Protein Nanoparticles for Imaging-Guided
Tumor Phototherapy

Natural protein nanoparticles have attracted much attention as a novel class of drug
delivery vehicles in recent years [65]. Compared with polymer nanomicelles, pro-
tein nanoparticles are native nanoscale structures with unique, defined three-
dimensional structures, biological functions, excellent biocompatibility and
nonimmunogenicity. The size of protein nanoparticles could be easily controlled
and shows unique nanostructures. These good properties allowed protein nanopar-
ticles to be applied in the clinic. For example, albumin-based drug delivery systems
such as methotrexate—albumin conjugates, an albumin-binding prodrug of doxoru-
bicin (DOX), and nanoparticle albumin-bound paclitaxel (Abraxane) have been
evaluated in the clinic. Therefore, in this part, we will introduce the dye-loaded
protein nanoparticles, mainly including ferritin and albumin nanoparticles, for
imaging-guided tumor phototherapy.

7.5.9 Dye-Loaded Ferritin Nanocages

Ferritin (FRT) is a major iron storage protein found in humans and many living
organisms [66]. In nature, the interiors of FRTs are filled with iron. When expressed
artificially in iron-free conditions, the yielded apoferritins are hollow, comprising
24 subunits made up of heavy-chain ferritin (H-ferritin) and light-chain ferritin
(L-ferritin). It can assemble above pH 5.0 into a robust hollow protein sphere with
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outer and inner diameters of 12 and 8 nm, respectively. Between the junctions of
each subunit are 14 channels, 0.3-0.4 nm in diameter, which can serve as the path-
ways between the exterior and interior. Therefore, the apoferritins can be loaded
with different dyes for imaging-guided therapy [67]. There are several unique
advantages using apoferritin as a dye delivery system: (1) Biosafety: apoferritin is a
major iron storage protein in humans and therefore is biocompatible and nonim-
munogenic. (2) Uniform size: The average particle size was 12 nm, which lead to a
longer circulation half-life and a better tumor accumulation rate. (3) Unique nano-
structure: the apoferritin nanocages can be broken down into subunits in an acidic
environment (e.g., pH = 2). When the pH is tuned back to neutral, the apoferritin
subunits will be reconstituted into a nanocage structure [68]. Zhen et al. reported
RGD4C-modified ferritin (RFRT) as a safe and efficient zinc hexadecafluorophtha-
locyanine (ZnF16Pc) delivery system for imaging-guided photodynamic therapy
[69]. ZnF16Pc is a potent photosensitizer with a high 'O, quantum yield but poor
water solubility (A,,x=671 nm; ®A=0.85 in tetrahydrofuran). It can be encapsu-
lated into RFRTs with a loading rate as high as ~60 wt.% [70]. The particle size of
ZnF16Pc-RFRT was 18.6 nm. The in vivo imaging experiments showed that the
ZnF16Pc-RFRTs could efficiently home to tumors through interactions with integ-
rin Rvp3 overexpressed on tumor vasculatures and tumor cells (tumor-to-normal
tissue ratio of 26.82+4.07 at 24 h). Moreover, the in vivo treatment results showed
a good tumor inhibition rate (83.64 % on day 12), as well as minimal toxicity to the
skin and other major organs. Therefore, this imaging-guided therapy using ZnF16Pc-
RFRTs holds great clinical translation potential. Huang et al. reported NIR dye
(ICG and IR820)-loaded ferritin nanocages for multimodal imaging-guided photo-
thermal therapy [71]. As hydrophilic dyes, ICG and IR820 were easily encapsulated
into the cavity of ferritin. The obtained dye-loaded ferritin exhibited small particle
size, good stability, and excellent tumor selectivity. When the mice were treated
with an intravenous injection of IR820-loaded ferritin nanocages, the tumor could
be easily differentiated from the surrounding normal tissue with good NIR fluores-
cence contrast 4-24 h postinjection. Meanwhile, the PA signal in the tumor regions
was also increased with time. Under the NIR fluorescence and PA dual-modal
imaging-guided photothermal treatments, the tumor cells could be killed, and no
laser-treatment-induced toxicity and tumor recurrence were observed. Therefore,
this concept of protein-based imaging-guided therapy has potential applications for
clinical translation of personalized nanomedicine with targeted dye/drug delivery,
diagnosis, and treatment (Fig. 7.8).

7.5.10 Dye-Loaded Albumin Nanoparticles

Albumin is the most abundant protein in blood plasma (35-50 g/L human serum),
and its average half-life is 19 days [72]. As an important protein, albumin has sev-
eral functions and binding properties [73]. For example, it can keep the colloid
osmotic pressure of the blood. When albumin is broken down, the amino acids
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NIR laser

Fig. 7.8 Schematic illustration of PS-loaded ferritin nanoparticle for imaging-guided PDT
(Reprinted with permission from ref. [69]. Copyright 2013, American Chemical Society)

provide nutrition to peripheral tissue. It can bind a great number of therapeutic
drugs and metal ions and acts as a transport vehicle. In addition, albumin has excel-
lent stability under different conditions (in the pH range of 4-9, soluble in 40 %
ethanol, and heating at 60 °C for up to 10 h without deleterious effects.). These
properties as well as its preferential uptake in tumor and inflamed tissue, its ready
availability, its biodegradability, and its lack of toxicity and immunogenicity make
it an ideal candidate for dye delivery [74]. Liu et al. prepared HSA-IR825 dye com-
plex by bonding dye with human serum albumin (HSA). The simple method pro-
vided a strategy for developing a novel theranostic nanoprobe for imaging-guided
photothermal therapy [75]. The HSA-IR825 complex exhibited strong fluorescence
under the 600-nm excitation. The excellent fluorescence properties could enhance
NIR fluorescence contrast. Moreover, under irradiation by an 808-nm laser, the
nanoprobe could also convert the laser excitation energy into heat for photothermal
therapy. Therefore, the nanoprobe not only could be used for the fluorescence imag-
ing under the 600-nm excitation (high QY, low photothermal conversion efficiency)
but also for photothermal therapy under the 808-nm irradiation (low QY, high pho-
tothermal conversion efficiency). The in vivo tumor treatment experiment demon-
strated that 100 % of tumor ablation in mice using a rather low dose of HSA-IR825
nanoprobe. After that, Liu et al. further fabricated an IR825 dye—albumin theranos-
tic nanoprobe for dual-modal imaging-guided tumor photothermal therapy [76].
The synthesis process was very simple, just complexing an IR825 dye with human
serum albumin (HSA). The formed HSA-IR825 nanoprobe exhibited strong fluo-
rescence and highly efficient photothermal effect. In addition, the clinically used
MRI contrast agent, diethylenetriamine pentaacetic acid—Gd, was conjugated to
HSA for MRI imaging. Therefore, the nanoprobe has three functions, including
NIR fluorescence imaging, MRI dual-modal imaging, and photothermal therapy.
They developed a lymphatic metastasis tumor model for evaluating the theranostic
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nanoprobe. In vivo fluorescence imaging and MR dual-modal imaging indicated
that HSA—Gd-IR825 could migrate into nearby sentinel lymph nodes (SLNs) after
intratumoral injection. The combination therapy of surgery and photothermal ther-
apy could remarkably reduce lymphatic tumor metastasis and greatly prolong ani-
mal survival. In addition, Cai et al. developed smart HSA-ICG nanoparticles for
dual-modal imaging-guided tumor synergistic phototherapy [77]. The nanoparticles
were prepared by a programmed assembly strategy, which used the intermolecular
disulfide bonds as cross-linkers. The obtained nanoprobe exhibited excellent prop-
erties. For example, it could effectively maintain the biological activity of HSA
without using exogenous cross-linkers and toxic chemicals. The encapsulation of
dye in HSA NPs remarkably improved the stability of dye. HSA NPs enhanced
delivery of ICG into cancer cells due to the active and passive tumor targeting.
Therefore, when the ICG was used as NIR dye in this system, a dual-modal imaging
and photodynamic—photothermal therapy system was developed. The HSA-ICG
nanoprobe had a high accumulation and a long-term retention in tumor-bearing
mice, where the tumor and its normal tissue margin were be clearly identified via
ICG-based in vivo near-infrared (NIR) fluorescence and photoacoustic dual-modal
imaging and spectrum-resolved technology. Meanwhile, HSA-ICG NPs efficiently
induced ROS and local hyperthermia simultaneously for synergetic PDT/PTT treat-
ments under a single NIR laser irradiation. Therefore, HSA-ICG nanoprobes as
smart theranostic nanoplatforms are highly potential for imaging-guided cancer
phototherapy with PDT/PTT synergistic effects (Fig. 7.9).
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Fig. 7.9 Schematic illustration of HSA-ICG NPs for in vivo fluorescence and photoacoustic dual-
modal imaging, tumor margin detection, and simultaneous PDT/PTT treatments (Reprinted with
permission from ref. [77]. Copyright 2014, American Chemical Society)
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7.6 Prospects and Outlook

In this section, we have systematically introduced the recent development of organic
dye-based imaging-guided cancer therapy. The fluorescence and photoacoustic
imaging and surgical therapy or phototherapies are summarized in detail. Different
dye delivery systems are further discussed. Although the tremendous amount of
exciting results are reported in the past few years in this field, there are still many
challenges ahead toward further clinical applications of this technology: (1) The
safety of dye delivery system. Although several reports have indicated that dye
delivery systems, such as SiO, and CP nanoparticles, are not noticeably toxic in the
tested dose ranges, it could still not be approved by the US FDA for clinical use. (2)
The real-time monitoring of treatment process and therapeutic results. The current
imaging technology is focused on the tumor diagnosis and paid little attention to
monitoring the process, including treatment and prognosis processes. (3)
Combination therapy. Single therapeutic approach has its own limitations. Therefore,
the combination different treatment approaches may bring great opportunities to the
new generation of cancer therapy.
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Chapter 8
Dendrimer-Based Nanodevices as Contrast
Agents for MR Imaging Applications

Wenjie Sun, Jingchao Li, Mingwu Shen, and Xiangyang Shi

Abstract Dendrimers possess unique three-dimensional architectures, highly
branched macromolecular characteristics, and abundant terminal functional groups.
These properties of dendrimers afford their uses as a versatile nanoplatform to
design multifunctional nanodevices for various biomedical applications, especially
for magnetic resonance (MR) imaging of different biological systems. The periph-
ery of dendrimers can be linked with targeting ligands and imaging agents, while
the unique dendrimer interior and surface functionality render their uses to form
dendrimer-entrapped metal nanoparticles (NPs) or dendrimer-assembled magnetic
iron oxide NPs. The formed dendrimer-based contrast agents can be used for vari-
ous MR imaging applications, including T;-weighted MR, T,-weighted MR, MR/
computed tomography, MR/fluorescence imaging of blood pool, animal organs, and
tumors. In particular, this chapter mainly introduces some recent advances of
dendrimer-based contrast agents for MR imaging of cancer.
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8.1 Introduction

Dendrimers are recognized as synthetic macromolecules with unique three-
dimensional architectures and highly branched macromolecular characteristics [1—
3]. As compared to traditional linear polymers, dendrimers possess many outstanding
advantages such as monodispersity, generation-dependent geometry, well-defined
composition and architecture, highly branched inner cavity, and plentiful terminal
functional groups [2, 4-8]. These properties of dendrimers render their uses as a
multifunctional nanoplatform for surface modification or conjugation with targeting
ligands and imaging agents, for entrapment of metal nanoparticles (NPs), and for
stabilizing or assembling magnetic NPs [9—11] for various biomedical applications,
especially in magnetic resonance (MR) imaging of different biological systems
[12]. The structures of several commonly used dendrimers are shown in Fig. 8.1
[13].

MR imaging is a powerful, noninvasive imaging technique for disease diagnosis
[14—17] due to its attractive advantages, including a nonionizing radiation source,
tomographic capabilities, and high spatial resolution between different soft tissues
[9, 18-23]. However, one of the major drawbacks of MR imaging is its limited
sensitivity and specificity [23, 24]. For high-quality MR imaging applications,
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Fig. 8.1 The structures of several commonly used dendrimers (Reproduced with permission from
Ref. [13], Copyright 2014 Elsevier)
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contrast agents have to be used. The commonly used MR contrast agents can be
divided into two types: paramagnetic gadolinium (Gd)- or manganese (Mn)-based
T; MR imaging contrast agents and superparamagnetic iron oxide NP- or lanthanide
ion-based T, MR imaging contrast agents [25-30]. For T; MR imaging, the low
molecular weight (Mw) Gd(III) complexes such as Gd(III)-DTPA (diethylenetri-
aminepentaacetic acid) or Gd(IIT)-DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) approved by the FDA possess rapid clearance rates from vascular
circulation, fast renal excretion, and relatively low relaxivity [31]. For T, MR imag-
ing, superparamagnetic iron oxide (IO) NPs have been widely developed as nega-
tive contrast agents due to their high relaxivity and biocompatibility [32]. However,
these magnetic NPs usually suffer a problem of colloidal instability [33, 34].
Therefore, dendrimer-based nanotechnology has been developed to prepare various
T,- and T,-weighted MR contrast agents that can overcome the above drawbacks.

This chapter mainly highlights some recent advances in dendrimer-based
nanodevices as contrast agents for different MR imaging applications. In particular,
two types of MR imaging contrast agents including dendrimer-Gd complexes and
dendrimer-functionalized iron oxide NPs will be introduced in detail. Moreover,
this review also provides a brief survey of several dendrimer-based multifunctional
systems for dual-modal MR/CT and MR/fluorescence imaging applications. It
should be emphasized that this is not a comprehensive review to cover all aspects of
the dendrimer-based MR contrast agents, but rather discusses the key developments
of various dendrimer-based nanodevices for MR imaging of different biological
systems, in particular MR imaging of cancer.

8.2 Dendrimer-Based Complexes for T,;-Weighted MR
Imaging

Based on the advantages of the well-defined structure and multifunctional surface
groups, dendrimers have been widely developed as novel T,-positive macromolecu-
lar MR contrast agents. Herein, this section presents a brief overview of dendrimer-
based complexes (including dendrimer-Gd complexes and dendrimer-Mn
complexes) for T; MR imaging applications.

8.2.1 Dendrimer-Gd Complexes
8.2.1.1 Dendrimer-Gd Complexes

Poly(amidoamine) (PAMAM) dendrimers have been used to prepare macromolecu-
lar Gd complexes. In an earlier work, Wiener et al. [35] first modified the PAMAM
dendrimers of different generations with 2-(4-isothiocyanatobenzyl)-6-methyldieth
ylenetriaminepentaacetic acid (1B4M-DTPA) via a thiourea linkage. Then, Gd(III)
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ions were chelated to synthesize the PAMAM-DTPA-Gd nanocomplexes for MR
imaging applications. The results showed that the r, relaxivity of generation 6 (G6)
PAMAM dendrimer-based nanocomplexes was much higher than that of DTPA-Gd
complexes, suggesting that the PAMAM-DTPA-Gd nanocomplexes have the
potential to be used for MR imaging applications. Afterwards, the Kobayashi group
investigated a series of dendrimeric Gd-based MR imaging contrast agents by
conjugation of DTPA with PAMAM dendrimers of different generations, followed
by Gd(III) chelation. The authors’ work shows that dendrimer-Gd complexes can be
used as contrast agents for MR imaging of different biosystems, such as functional
renal imaging [36], blood pool imaging [37, 38], liver imaging [39], and lymphatic
imaging [40]. The different uses of the dendrimer-Gd complexes are largely depen-
dent on the number of the dendrimer generation.

The above dendrimer-Gd nanocomplexes are commonly excreted via the liver or
kidneys, thus having decreased plasma concentrations. Additionally, the size of the
dendrimer and the surface charge also influence the overall biodistribution of the
dendrimeric Gd-based contrast agents [38, 41, 42]. Therefore, some surface modifi-
cations of these contrast agents have been explored. For instance, polyethylene gly-
col (PEG) modification (PEGylation) has been used to render the nanodevices with
improved hydrophilicity and reduced recognition by the reticuloendothelial system
(RES), resulting in a longer half-life in blood circulation and lower immunogenicity
[43, 44]. Therefore, PEGylation of dendrimers has been considered to be a useful
strategy to improve the pharmacokinetics of the dendrimeric nanodevices for MR
imaging applications [43, 45]. For instance, Kobayashi and coworkers [43] prepared
the PEGylated PAMAM dendrimer-Gd complexes by conjugating both PEG and
chelator to the terminal groups of dendrimers. This synthesis method is possible to
impact the uniformity of the dendrimers. In another work, Kono et al. [46, 47]
developed a fully PEGylated dendrimeric MR contrast agent to improve the homo-
geneity of the device. Their results show that the PEGylation modification is advan-
tageous in lowering the toxicity and improving the retention of the device in the
circulation with decreased rates of nonspecific renal and hepatic uptake. In addition,
the dendrimer generation and the PEG chain length were found to impact on the
relaxivity of the PEGylated PAMAM Gd-DTPA complexes [48]. Shorter PEG chain
length and higher dendrimer generation rendered the dendrimer-Gd complexes with
higher r, relaxivity.

Although dendrimer-Gd nanocomplexes have been well developed for MR imag-
ing applications, their translation to clinical trials has been quite limited due to their
potential toxic side effects and the occurrence of nephrogenic systemic fibrosis
(NSF) [49]. In order to minimize the toxicity of the Gd ions while maintaining the
favorable imaging performance of the dendrimeric nanodevices, biodegradable den-
drimers having disulfide bonds in the molecular backbones have been reported to be
used for the design of MR contrast agents [50, 51]. Recently, Huang et al. [52]
developed a facile method to synthesize size-controllable and biodegradable
Gd-complexed dendrimer nanoclusters for MR imaging applications (Fig. 8.2). The
biodegradable polydisulfide dendrimer nanoclusters possessed a circulation half-
life of >1.6 h in mice and displayed significant contrast enhancement in the
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Pre-Contrast Post-Contrast

Fig. 8.2 Schematic representation of Gd-labeled polydisulfide dendrimer clusters (DNCs) and
corresponding MR images of nu/nu nude mice before and after the tail vein injection of polydisul-
fide DNCs (Reproduced with permission from Ref. [52], Copyright 2012 Elsevier)

abdominal aorta and kidneys for as long as 4 h. What’s more, the dendrimer nano-
clusters gradually degraded into smaller components under physiological condi-
tions, which greatly facilitated their renal clearance.

Besides the use of PAMAM dendrimers to construct MR contrast agents, other
types of dendrimers such as triazine dendrimers, polypropylenimine (PPI) den-
drimers, and peptide dendrimers [53] have also been used for MR imaging applica-
tions. Lim and coworkers [54, 55] described a series of MR imaging contrast agents
based on monodisperse triazine dendrimers of two different generations (G3 and
G5), including four kinds of Gd-based contrast agents, G3-(Gd-DOTA),,, G5-(Gd-
DOTA )y, G3-(Gd-DTPA),,, and G5-(Gd-DTPA)y. Two G3 dendrimer-based agents
showed a shorter half-life in blood and more rapid renal excretion than the G5 coun-
terparts. In addition, the DOTA-chelated agents, G3-(Gd-DOTA),, and G5-(Gd-
DOTA)y, had better r; relaxivity than the corresponding DTPA-chelated ones.
Meanwhile, a series of Gd-DTPA-functionalized PPI dendrimers have been also
reported [17, 37, 56-58] to be promising MR contrast agents. For example,
Kobayashi et al. [37] demonstrate that PPI dendrimer-based MR contrast agents are
cleared more rapidly from the body than PAMAM dendrimer-based agents with the
same numbers of branches. Langereis et al. [56-58] reported a series of Gd(III)
DTPA-based PPI dendrimers employing an isocyanate-activated lysine-based
DTPA chelates. These dendrimeric devices had a significantly increased r, relaxivity,
which is about 4.7 times of the traditional Gd-DTPA complexes.

8.2.1.2 Multifunctional Dendrimer-Gd Complexes
for Targeted Tumor MR Imaging

All of the dendrimer-Gd nanocomplexes mentioned above can be used as good
positive contrast agents for MR imaging. However, they do not have the high affinity
to specific cancer cells, which limits their applications for diagnosis of tumor only
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through passive enhanced permeability and retention (EPR) effect [59]. For targeted
tumor MR imaging, it is essential to modify specific targeting ligands on the surface
of the dendrimer-Gd nanocomplexes [17]. The commonly used targeting ligands
that have been conjugated to the surface of dendrimers include monoclonal antibod-
ies [60, 61], peptides [62, 63], folic acid (FA) [9, 64], polysaccharides [65], proteins
[66], and oligo-nucleotides [67].

FA is one of the most studied cancer-targeting ligands for targeted MR imaging
applications because it has a high affinity to FA receptors (FAR) over-expressed in
several human carcinomas [68]. Swanson et al. [64] prepared a FA-targeted dendri-
meric MR imaging contrast agent via conjugating FA and Gd-DOTA onto the sur-
face of G5 PAMAM dendrimers. The targeted device of Gd-DOTA-G5-FA displayed
significantly higher MR contrast enhancement in the KB (a human epithelial carci-
noma cell line) xenografted tumor than the nontargeted device of Gd-DOTA-GS5
without FA. What’s more, the strong tumor MR signal enhancement of the mice
treated with the targeted device was able to remain for 24 h and then slowly
decreased from 24 to 48 h, while the tumor MR signal enhancement of the mice
treated with the nontargeted device just presented only for 1 h. In another work,
Chen et al. [69] reported another FA-targeted MR contrast agent by conjugating FA
and Gd-DTPA onto PEG-cored dendrimers with 16 functional hydroxyl groups.
The cellular uptake experiments demonstrated that the KB tumor had a significantly
enhanced uptake of FA-targeted device than the nontargeted one. In the dynamic
contrast-enhanced MR imaging, KB cells showed a delayed contrast washout pat-
tern after injection of the FA-targeted device when compared to the FAR-negative
HT-1080 tumor. These studies indicate that FA-modified dendrimeric Gd complexes
enable targeted T;-weighted MR imaging of FAR-positive tumors.

Peptide ligands [62] can also be linked onto the surface of dendrimers for tar-
geted MR imaging of cancer. Recently, Tan and coworkers [63] synthesized and
evaluated a cyclic decapeptide CGLIIQKNEC (CLT1)-targeted MR imaging agent
via conjugating Gd-DOTA and the CLT1 peptide onto the surface of G2 and G3
nanoglobular lysine dendrimers with a cubic silsesquioxane core. They found that
the CLT1 peptide modification enabled the nanoglobular agents to have greater con-
trast enhancement in MDA-MB-231-bearing female athymic mice than the corre-
sponding nontargeted agents at 0.03 mmol/kg of Gd. Many other studies also
confirmed the advantages to use targeted dendrimeric contrast agents for specific
imaging of different types of tumors [70, 71]. Therefore, the targeted dendrimeric
Gd-based contrast agents are promising for specific tumor MR imaging.

8.2.2 Dendrimer-Based Mn Complexes

Although Gd-based contrast agents are well-tolerated by a majority of patients,
there are increasing reports of the toxic side effects with impaired renal function
named NSF. Therefore, non-Gd-based contrast agents have been emerging. Since



8 Dendrimer-Based Nanodevices as Contrast Agents for MR Imaging Applications 255

Mn?* is another cation that can change the relaxation of water protons, Mn-based
complexes have been widely studied among the non-Gd-based contrast agents for
MR imaging applications. The Mn-based materials include ionic manganese
(MnCl,) [72], manganese oxides (MnO [27, 73], MnO, [74], Mn;0, [26, 75]), che-
lated manganese [76], polydisulfide Mn complexes [77], and dendrimer-based Mn
complexes [78, 79]. In this section, we focus on the dendrimer-based Mn complexes
for MR imaging applications.

Bertin et al. [78] evaluated a new dendritic Mn-DTPA complex as a Mn-based
MR imaging contrast agent via in vitro and in vivo studies. In their research, the
comparison between the dendritic Gd complex using the same synthetic method and
the two commercial MR imaging contrast agents (Gd-DTPA and Mn(II)-dipyridoxal
diphosphate (Mn-DPDP)) was made to determine the influence of the paramagnetic
ion on the toxicity and relaxivity and the potential application of the dendritic
Mn-DTPA complex for brain MR imaging. The authors showed that the dendritic
Mn-DTPA complex possessed better r; relaxivity than the commercial Mn-DPDP
agents and could be used for MR imaging of the neurological diseases such as
Alzheimer or Parkinson. In another work, Tan and coworkers [80] also investigated
the nanoglobular poly-L-lysine dendrimer-based Mn complexes for tumor MR
imaging by conjugating a CLT1 peptide and Mn-DOTA complex onto the surface of
G3 dendrimers (Fig. 8.3a). The authors showed that the peptide targeting enabled
significant MR signal enhancement in breast tumor-bearing mice at a low dose of
Mn (0.03 mmol/kg) when compared to the nontargeted device (Fig. 8.3b). In the
authors’ following work [81], nanoglobular DOTA-Mn and nanoglobular NOTA-Mn
(1, 4, 7-triaazacyclononane-1, 4, 7-triacetic acid) complexes were synthesized to
investigate the impact of the type of ligand on the relaxivity and tumor contrast
enhancement, as well as the influence of the dendrimer generation on the perfor-
mance of their DOTA-Mn complexes in MR imaging. The authors showed that the
r; relaxivities of G2, G3, and G4 nanoglobular-based DOTA-Mn complexes were
measured to be 3.32, 2.8, and 2.4 mM™! s7!, respectively, which are much higher
than that of free MnCl,. The higher-generation dendrimer led to less 1, relaxivities,
probably due to the limited access of water protons to the paramagnetic Mn(II) ions
within the ligands modified onto the dense dendrimer terminal groups, and it may
be also possible that the DOTA chelates are buried in the G3 or G4 dendrimers and
less accessible to solvation as compared to the G2 dendrimer. In addition, the r,
relaxivity of the G3-NOTA-Mn complex was 3.80 mM™' s7!, higher than that of the
G3-DOTA-Mn complexes due to a bound water molecule in the inner solvation site.
The Mn-based nanoglobular agents of different dendrimer generations displayed
effective enhanced contrast in the tumor imaging. All these data suggest that
dendrimer-Mn complexes might be used as promising non-Gd-based contrast agents
for MR imaging.
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[80], Copyright 2010 American Chemical Society)
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8.3 Dendrimer-Based Iron Oxide Nanoparticles
for T,-Weighted MR Imaging

8.3.1 Dendrimer-Based Iron Oxide Nanoparticles

Besides dendrimer-based Gd or Mn complexes as positive contrast agents for
T;-weighted MR imaging, dendrimers can also be used to modify IO NPs to develop
T,-weighted negative MR imaging contrast agents. Dendrimers can be used as a
stabilizer to induce the in situ formation of IO NPs and can be assembled onto
preformed IO NPs for MR imaging [28, 82—84] to diagnose diseases or track trans-
planted cells after the intracellular magnetic labeling. The major difference between
dendrimer-stabilized IO NPs and dendrimer-assembled IO NPs is that the former
involves the in situ formation of IO NPs in the presence of dendrimers, while the
latter involves the assembly of dendrimers or functionalized dendrimers onto
preformed IO NPs.

8.3.1.1 Dendrimer-Stabilized I0 NPs

Due to the abundant surface functional groups, dendrimers can be used to stabilize
the formation of the IO NPs. For example, Strable et al. [82] reported the synthesis
of highly water-soluble nanocomposites of ferromagnetic IO NPs using PAMAM
dendrimers as stabilizers. In their work, the carboxylated G4.5 PAMAM dendrimers
were utilized to stabilize the ferrimagnetic IO NPs under a mild condition. They
demonstrate that electrostatic interaction between negatively charged carboxylated
PAMAM dendrimers and the positively charged IO NPs plays an important role in
the stabilization process. The formed dendrimer-stabilized IO NPs have good col-
loidal stability and strong effect on the relaxation of water protons, making them
promising for MR imaging applications.

Bulte and colleagues [30] used the synthesized magnetodendrimers to label
human neural stem cells through a nonspecific membrane adsorption process with
subsequent intracellular localization in endosomes. The incubated magnetoden-
drimer doses as low as 1 mg iron/mL allowed sufficient MR cell contrast without
effecting the cell viability and differentiation. The labeled neural stem cells could be
easily detected in vivo by MR imaging at least 6 weeks after transplantation. Then
the magnetodendrimers were used to track the olfactory ensheathing glia grafted
into the rat spinal cord [85] and to detect the murine and human skin stem/progeni-
tor cells [86] by MR imaging. However, one major problem related to the utilized
magnetodendrimers is the lack of targeting ligand modifications, limiting their
applications in specific MR imaging of different biological systems.
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8.3.1.2 Dendrimer-Assembled 10 NPs

Beyond the role of stabilizer played by dendrimers in the in situ formation of 10
NPs, performed 10 NPs can also be assembled with dendrimers to form dendrimer-
assembled NPs. Furthermore, in order to achieve the specific targeted MR imaging
of cancer cells in vitro and in vivo, it is necessary to assemble targeting ligand-
functionalized dendrimers onto the surface of preformed IO NPs.

In one of our previous studies [28], a group of FA-modified carboxyl-
functionalized G3 PAMAM dendrimers were synthesized and then assembled onto
the surface of IO NPs synthesized using a controlled coprecipitation of Fe(Il) and
Fe(IIl) ions through electrostatic interaction, aiming to achieve specific targeted
MR imaging of KB cells overexpressing FAR. Unfortunately, due to the excess
peripheral carboxylic groups of the dendrimers, the receptor-mediated endocytosis
of IO NPs assembled with FA-modified dendrimers was not facilitated. To render
the IO NPs with targeting specificity, Wang et al. assembled a bilayer of negatively
charged polystyrene sulfonate sodium salt (PSS) and positively charged G5 den-
drimers prefunctionalized with fluorescein isothiocyanate (FI) and FA (G5.NH,-
FI-FA) via electrostatic layer-by-layer (LbL) deposition, followed by acetylation of
the remaining dendrimer terminal amines [84]. The formed dendrimer-assembled
IO NPs are able to be used for targeted MR imaging of cancer cells overexpressing
FAR in vitro, but with limited success in vivo possibly due to the fact that the used
PSS polymer is not biocompatible and the bilayers formed via electrostatic assem-
bly may not be sufficiently stable. In a following study, we assembled IO NPs with
multilayers of biocompatible poly(glutamic acid) (PGA) and poly(L-lysine) (PLL),
followed by assembling with G5.NH,-FI-FA PAMAM dendrimers [83]. The multi-
layers were then cross-linked via EDC chemistry, and the remaining dendrimer ter-
minal amines were acetylated. The fabricated shell cross-linked I0 (SCIO) NPs
were water soluble and stable and displayed good biocompatibility in a given con-
centration range. After injection of the targeted SCIO-FA or nontargeted SCIO-
NonFA NPs into the tumor-bearing mice, the in vivo MR imaging of tumors was
performed (Fig. 8.4). We show that after 24 h injection of the SCIO-FA NPs, the
tumor MR signal intensity is decreased more significantly than the injection with
the nontargeted SCIO-NonFA NPs at the same time point. These data demonstrate
that the developed SCIO-FA NPs are able to be used for targeting MR imaging of
KB tumor model in vivo.

8.3.2 Dendrimer-Modified Lanthanide T, MR Imaging
Contrast Agents

In addition to superparamagnetic IO NPs used for T,-weighted MR imaging, lantha-
nide ions can also be explored for T, MR imaging [87, 88]. In a recent study, Klemm
et al. [89] reported the synthesis of dendrimer-based T, lanthanide MR imaging
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Fig. 8.4 In vivo MR imaging of tumor. In vivo color maps (a) of T,-weighted MR images of mice
implanted with cancer cell line KB cells, at different time points after injection of SCIO-NonFA
and SCIO-FA NPs, respectively. The color bar (from red to blue) indicates the MR signal intensity
changes from high to low. Comparison of statistically normalized histograms of the voxel intensi-
ties (whole tumor) from targeted SCIO-FA (green histogram) and nontargeted SCIO-NonFA (red
histogram) NPs at the time points of 1 h (b), 4 h (c), 8 h (d), 24 h (e), 48 h (f), and 7 days (g)
(Reproduced with permission from Ref. [83], Copyright 2008 Wiley-VCH Verlag GmbH & Co.
KGaA)
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probes with good biocompatibility and high r, relaxivity. The lanthanide ions were
firstly complexed with TREN-bis(1-methyl-3,2-HOPO)-TAM-ethylamine ligand,
then the formed complexes were covalently attached to the esteramide (EA) or PLL
dendrimer by an amidation reaction. The relaxivity of these dendrimer-based lan-
thanide complexes can be as high as 374 mM~'s™! per dendrimer. The high relaxivi-
ties, bioavailability, and low in vitro toxicity render the dendrimer-based lanthanide
agents with promising potential to be used for T, MR imaging of different biologi-
cal systems.

8.4 Dendrimer-Based Systems for Dual Modality Imaging

With the rapid development of nanoscience and nanotechnology, various nanode-
vices have been successfully developed for different molecular imaging applica-
tions, including MR imaging, position emission tomography (PET) imaging,
computed tomography (CT) imaging, optical imaging, and single photon emission
computed tomography (SPECT) imaging. However, each imaging modality pos-
sesses its own limitations and weaknesses, and none of them is able to provide
complete structural and functional information independently [90]. It is highly
desirable to combine other imaging modes with MR imaging to develop various
dual-modal contrast agents such as MR/fluorescence [91], MR/PET [92], MR/CT
[25, 90], and MR/optical imaging [93].

The unique three-dimensional architectures and abundant terminal groups afford
dendrimers with the ability to encapsulate different NPs in their interior or cova-
lently conjugate functional molecules on their surfaces, thereby allowing for
generation of various multifunctional nanodevices for the diagnosis applications of
different biological systems. Herein, we discuss some recent key developments in
the use of dendrimers as a versatile platform for dual-mode MR/CT and MR/
fluorescence imaging applications.

8.4.1 Dendrimer-Based Dual-Mode MR/CT Imaging
Contrast Agents

Dendrimers have been known to be able to entrap or stabilize some noble metal NPs
(Au or Ag) for CT imaging applications [94, 95]. With the ability to conjugate Gd
chelator to form dendrimeric Gd-based T; MR contrast agents and to conjugate
PEG on the dendrimer periphery to improve the pharmacokinetics and biocompat-
ibility of dendrimers [96], it is highly desirable to develop dendrimer-based MR/CT
contrast agents for dual-mode accurate diagnosis of different biological systems.
In a recent study, Wen et al. [25] reported a facile approach to synthesizing
Gd-loaded dendrimer-entrapped Au NPs (Gd-Au DENPs) for dual-mode MR/CT
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imaging applications. In their work, G5 PAMAM dendrimers covalently attached
with DOTA and PEG monomethyl ether (mPEG) were used as templates to
synthesize Au NPs. Followed by sequential chelation of Gd(III) and acetylation of
the remaining dendrimer terminal amine groups, multifunctional Gd-Au DENPs
were formed and characterized to have a r; relaxivity of 1.05 mM~'s™! due to the
loaded Gd(III) ions and excellent X-ray attenuation property due to the entrapped
Au NPs as well as the chelated GA(IIT). The formed Gd-Au DENPs enabled MR/CT
dual-mode imaging of the heart, liver, kidney, and bladder of rat or mouse within a
time frame of 45 min. Likewise, in vivo biodistribution studies reveal that the devel-
oped Gd-Au DENPs have a prolonged blood circulation time and can be cleared
from the major organs within 24 h.

By taking into consideration the unique structural characteristics of the den-
drimers that can also be further functionalized with various targeting ligands (e.g.,
FA or RGD peptide), Chen et al. [97] reported the synthesis and characterization of
FA-targeted multifunctional Au DENPs loaded with Gd(III) for targeted dual-mode
MR/CT imaging of tumors. Compared to the study reported by Wen et al. [25],
simply modifying PEGylated FA and mPEG was able to afford the formation of the
FA-targeted Gd-Au DENPs. The formed Gd-Au DENPs-FA displayed reasonable 1,
relaxivity and excellent X-ray attenuation intensity due to the coexistence of Au
NPs and Gd(III) ions within the single multifunctional nanodevice (Fig. 8.5a—d).
More importantly, the developed dendrimeric nanoprobe can be used for targeted
CT and MR imaging of FAR-expressing tumors via FA-mediated targeting pathway
(Fig. 8.5e-h).

Besides the formation of T, MR/CT dual-mode contrast agents, T, MR/CT dual-
mode contrast agents can also be constructed via the versatile dendrimer nanotech-
nology. In our another work, we have shown that Au DENPs are able to be assembled
onto preformed IO NPs via an LbL assembly approach [98]. The results of T, relax-
ometry and X-ray attenuation measurements show that the formed Fe;O,@Au
nanocomposite particles (NCPs) have a r, relaxivity of 71.55 mM™'s™! and enhanced
X-ray attenuation property. Therefore, the developed Fe;O,@Au NCPs are able to
be used as contrast agents for dual-mode T, MR imaging and CT imaging of cancer
cells in vitro and MR imaging of mouse liver and CT imaging of a subcutaneous
tissue in vivo (Fig. 8.6). This study suggests that the developed Fe;0,@Au NCPs
may be able to be applied for dual-mode MR/CT imaging of different biological
systems.

8.4.2 Dendrimer-Based MR/Fluorescence Dual-Mode
Imaging Applications

Various fluorescent dyes such as fluorescein isothiocyanate (FITC) [99],
tetramethylrhodamine-5-isothiocyanate (TRITC) [100], Cy5 [101], and Cy5.5
[102] have been utilized for fluorescence imaging. By using dendrimers as a unique
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Fig. 8.5 The CT images (a) and X-ray attenuation (HU) (b) of Gd-Au DENPs-FA (/) and Au
DENPs-FA (2) at different Au concentrations. ¢ and d show the T; MR phantom images and the
linear fitting of the inverse T, of Gd-Au DENPs-FA (/) and G5-Gd-FA (3) as a function of Gd
concentration. Representative transection CT (e, f) and MR (g, h) images of mice bearing trans-
planted KB tumors after intravenous injection of the nontargeted Gd-Au DENPs (e, g) and targeted
Gd-Au DENPs-FA (f, h) at different time points (Reproduced with permission from Ref. [97],
Copyright 2013 Elsevier)

platform, both fluorescence dye and MR imaging elements can be coupled to a
single nanoparticulate system for dual-mode MR/fluorescence imaging
applications.

The dendrimer terminal amines can be used to attach both Gd(III) chelates and
fluorescence dye molecules, rendering them with dual-mode MR/fluorescence
imaging property. For instance, Brechbiel and coworkers [61] described a biotinyl-
ated dendrimer-based imaging agent modified with both rhodamine green and
DTPA chelates for targeted MR/fluorescence imaging of ovarian cancer cells. In
this work, dendrimers were linked by a disulfide bridge, which could be cleaved and
coupled to a maleimide functionalized biotin. The in vivo experiment with mice
bearing ovarian tumors demonstrates that the dendrimer-based nanodevice can effi-
ciently target and deliver sufficient amounts of chelated Gd(III) and fluorophores to
the tumor site, enabling effective dual-mode MR/fluorescence imaging of tumors.
In another study, Talanov et al. [103] selected a near-infrared dye Cy5.5 to label the
Gd(DTPA)-conjugated G6 PAMAM dendrimers. The use of Cy5.5 dye is quite
advantageous over other fluorophores due to the increased imaging penetration
through living tissue and reduced background interference. The formed dendrimeric
nanodevice is able to be used as a nanoprobe for dual-mode MR/fluorescence imag-
ing of sentinel lymph nodes in mice (Fig. 8.7).



Fig. 8.6 (a) Schematic representation of the fabrication of Fe;0,@Au NCPs. (b) T,-weighted
images of mouse liver before and after intravenous injection of 0.1 mL Fe;O,@Au NCPs ([Fe] =
8.82 mg mL', and [Au] = 1.57 mg mL™"). In MR image, the black arrow indicates the gallbladder,
while the white arrow indicates the liver. (¢) CT image of a mouse subcutaneously injected with
0.5 mL Fe;0,@Au NCPs ([Fe] = 8.82 mg mL"', and [Au] = 1.57 mg mL™") into its back on the
right at 5 min post-injection. The black arrow points to the injection region (Reproduced with
permission from Ref. [98], Copyright 2012 Royal Society of Chemistry)

Fig. 8.7 Sentinel lymph node images of a normal mouse. (a) Optical image obtained under simul-
taneous white light and filtered (615-665 nm) excitation light detected with the emission filter set
to 720 nm demonstrating fluorescence in the axillary lymph node of the mouse. (b) Image from (a)
shown in false color. (¢) Maximum intensity projection calculated from a 3D spoiled gradient echo
MR imaging acquired using a GE Signa Excite 3T, which illustrates the injection site in the mam-
mary fat pad, the draining lymphatics, and axillary lymph node depicted in (b) (Reproduced with
permission from Ref. [103], Copyright 2006 American Chemical Society)
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8.5 Conclusion and Outlooks

This chapter gives a brief literature overview of the recent advances in dendrimer-
based nanodevices for T, MR, T, MR, and dual-modal MR/CT and MR/fluores-
cence imaging applications. The unique structural characteristics of dendrimers
enable their uses as a versatile platform to conjugate Gd or Mn chelator, to link
targeting ligands or fluorescent dyes, to entrap noble metal NPs, or to stabilize or
assemble IO NPs for MR or dual-mode MR/CT (MR/fluorescence) imaging appli-
cations, especially in the imaging of tumors.

Although much effort has been devoted to the development of dendrimer-based
nanodevices for MR imaging applications, this area of research still remains largely
unexplored. Due to the unique property of dendrimers, other different imaging ele-
ments can also be incorporated within or onto the dendrimer platform. In this con-
text, different types of imaging modes can be combined with MR for accurate
diagnosis applications. In addition, for targeted imaging applications, the dendri-
meric MR contrast agents can be modified with different targeting ligands (vitamins,
sugars, peptides, or antibodies), thereby allowing for specific MR imaging of differ-
ent biological systems. Furthermore, with the ability to conjugate or complex drug
molecules, the dendrimeric MR contrast agents can also be modified or be loaded
with different drug molecules [104-106], allowing for MR imaging-guided therapy
of different biological systems. These challenges are expected to drive an extensive
collaboration between scientists from different areas to develop effective multifunc-
tional dendrimer-based MR contrast agents for different biomedical applications.
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Chapter 9

Functional Dendritic Polymer-Based
Nanoscale Vehicles for Imaging-Guided
Cancer Therapy

Yanhong Zhang, Kui Luo, and Zhongwei Gu

Abstract The quest for highly efficient and accurate diagnosis and specific therapy
approaches has become the key factor for successful cancer treatment. Over recent
decades, with the advancements in the fields of nanotechnology and biomaterials,
functional nanomaterials have been developed as nanocarriers for cancer diagnosis
and therapy. Unlike the traditional low-molecular-weight imaging probes and thera-
peutic agents, early clinical results showed that nanocarriers with imaging and ther-
apeutic agents could result in increased accumulation in tumor, increased signal
intensity, enhanced anticancer efficacy, and reduced side effects owing to the pas-
sive targeting features of nanoparticles via enhanced permeability and retention
(EPR) effect. Recently, new nanomedicine enables the incorporation of imaging
agents and anticancer agents in one system, namely, theranostic nanomedicine,
which combines both therapeutic and diagnostic capabilities in a single entity for
personalized medicine. Those novel nanosystems for cancer theranostics are emer-
gent and have promising applications in concurrent molecular imaging of biomark-
ers, delivery of anticancer drugs, monitoring of nanosystems’ behaviors in vivo,
simultaneous monitoring of the disease progression, and guidance of therapeutic
outcomes. Biodegradable polymer-based theranostic nanosystems have demon-
strated great potential clinical impact for the foreseeable future, due to their good
biocompatibility and flexible chemistry. Dendritic polymers are a class of well-
defined macromolecules with branching units, precise structures, low polydisper-
sity, controllable nanoscale size, as well as highly adaptable and flexible surface
chemistry. These unique features have proposed dendritic polymers as nanoscale
imaging agents, drug delivery systems, and theranostic nanosystems for cancer
treatment. This chapter highlights the advantages of dendritic polymer-based ther-
anostic nanosystems and the emergent concept of theranostics for the safe and
effective tumor treatment in the next generation nanomedicine. The novel
developments of dendritic polymer-based theranostic nanosystems described here
provide great potential to achieve better cancer therapeutic.
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9.1 Introduction

Successful cancer treatment depends on accurate diagnostics and efficient therapy.
Current diagnostic techniques, including magnetic resonance imaging (MRI),
radionuclide-based imaging, computed tomography (CT), ultrasound, and optical
imaging (bioluminescence and fluorescence), offer opportunities that disease can be
detected earlier and consequently guide when and where the therapy can be most
effective. Additionally, both biological response and therapeutic efficacy following
treatment can be monitored. However, currently, most of the bioimaging probes
used in the clinic are those with low molecular weight. This largely hampers their
applications due to the characteristics, such as poor selectivity, high doses leading
to toxicity, instability, short detention time, and lack of the ability to modify them-
selves [1]. On the other hand, cancer therapy requests for high efficacy and good
biosafety. Conventional chemotherapeutic agents are used in the treatment of many
cancers. However, there remain some challenges for those agents, including poor
water solubility, nonspecific biodistribution and cytotoxicity, unfavorable pharma-
cokinetics, and drug resistance, resulting in low therapeutic index along with numer-
ous systemic toxicities [2]. Hence, the quest for highly efficient and safe imaging
probes and therapeutic and functional agents is a significant factor for cancer
treatments.

Medical nanoparticles demonstrate promise as creative and innovative technol-
ogy for cancer diagnosis and therapy [2, 3], as nanoparticles for delivery small
molecular agents have multiple advantages, such as improved solubility, extended
half-life, improved pharmacokinetics, reduced toxicity, passively targeting tumors
via the EPR effect, and active cellular uptake. Moreover, the presence of functional
groups allows the modification of the bioimaging agents and therapeutic carriers
and then promotes the specificity and biological activity. Many nanotechnologies,
including polymers [4, 5], liposomes [6], metallic nanoparticles [7], carbon nano-
tubes [8], and quantum dots [9], are examples of the nanoplatform that can be uti-
lized as multifunctional formulations for cancer treatment. Among these carriers,
natural and synthetic polymer-based nanoscale systems fabricated from polyethyl-
eneglycol (PEG) [10], polyglutamic acid (PGA) [11], polysaccharides [12], N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer [13], and dendritic polymers
[14], have been widely proved to be targeting nanoscale vehicles for cancer
treatment.

Dendritic polymers [15], including dendrimers [14, 16-18], dendron [19],
dendron-grafted polymers [20], and hyperbranched macromolecules [21-23],
which are characterized by a three-dimensional highly branched structure and a
large number of terminal groups, have been investigated as optimal candidates for
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agent delivery [24, 25]. In 1985, Tomalia et al. successfully synthesized the first
poly(amidoamine) (PAMAM) dendrimer [26]. Dendritic polymers with nanoscale
sizes, including PAMAM and poly(propyleneimine) (PPI) dendrimers and their
derivatives [27], peptide dendron and dendrimers synthesized from amino acids
[28], non-biodegradable dendrimers prepared via click chemistry, dendronized
polymers grafted with low-generation dendron, low-generation dendron or den-
drimers functionalized with linear polymers, and branched polymers with similar
structure of dendrimer prepared via polymerization, have been investigated as
nanoscale vehicles, such as imaging probes for cancer diagnosis [29-31] and drug/
gene/protein/siRNA delivery systems [27, 32-34]. Those nanomedicines based on
dendritic polymers have showed unique features owing to their precise nanostruc-
tures and highly adaptable and flexible surface chemistry [35-37]. It is noted that
the highly branched, multivalent surface and rich surface groups make them optimal
candidates for a variety of functionalization for cancer treatment [38—40], for exam-
ple, drug conjugation, cancer-targeting moiety attachment, and imaging probes
label. Additionally, the dendritic polymers with adjustable cavities can be employed
to directly encapsulate small agents that will release in cancer cells [41]. Compared
with linear polymeric vehicles, the highly branched dendritic polymers, owing to
their multivalent architectures and rich functional groups, show increased solubility,
very low intrinsic viscosities, and significantly higher efficient cellular uptake than
that of linear polymeric drug delivery systems via the “cluster effects,” such as PEG
[42] and N-(2-hydroxypropyl)methacrylamide (HPMA)-based vehicles [43, 44].
Moreover, the dendritic vehicles with optimal nanoscale sizes have resulted in lon-
ger blood circulation time and significantly increased accumulation of agents into
tumor. Those attractive features propose dendritic polymers as potential vehicles for
cancer treatment [45].

In the conventional cancer treatment, the imaging probes and therapeutic agents
are administrated separately, leading to higher cost and reduplicate suffering of
patients. In an attempt to overcome those shortcomings, the concept theranostics
originally coined by Picard in 2002 [46], which integrates diagnostic imaging moi-
eties and therapeutic agents into a single platform [47]. Compared with the tradi-
tional separate administration, theranostics combining diagnosis and therapy into
one dosage have the possibility to realize biodistribution and tumor targeting for
both imaging and therapeutic agents. Additionally, theranostic technology is able to
monitor and tune the therapy at the same time according to the disease progresses,
providing individual treatment options according to therapeutic window, resulting
in improved prognoses as the seamless integration of diagnosis, therapy, follow-up,
and different therapeutic modalities. Recently, various nanomaterials, including
carbon nanotubes [48]; magnetic nanomaterials [49]; quantum dots [50]; mesoporous
silica [51, 52]; surface-enhanced Raman scattering silver/gold, nano/microbubbles,
and protein [53]; liposomes [54]; and polymers [55], have been utilized as multi-
functional formulations for cancer theranostics.

The functional and multivalent dendritic polymers, thanks to their structural fea-
tures and good biosafety, have demonstrated the unique potential as targeting
nanoscale drug/imaging probe delivery and theranostic delivery systems based on
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the EPR effect (passive targeting) and high active-targeting efficacy [15]. In this
chapter, we will focus on the characteristics of dendritic polymeric systems, as well
as their applications in theranostic-based strategies for cancer treatments. Finally,
the limitations and future challenges will be addressed.

9.2 Dendritic Architectures

Dendritic polymers are highly branched macromolecules which have a uniform
three-dimensional architecture [15, 56]. Due to the attractive properties like topo-
logical features, adequate internal cavities, and rich terminal functional groups,
dendritic polymers have demonstrated potential to be novel scaffolds in nanomedi-
cine [56-58]. The existing dendritic polymeric system generally contains the fol-
lowing seven subclasses according to their topological structures: (a) dendrimers,
(b) linear-dendritic hybrids, (¢) dendritic-dendritic block polymers, (d) dendronized
polymers, (e) hyperbranched polymers, (f) multiarm star polymers, and (g) hyper-
grafted polymers [59]. The first four subclasses show high-regularity structures,
while the latter three exhibit a random branched structure. Furthermore, these dif-
ferent kinds of dendritic polymers have unique architectures, outstanding morphol-
ogies, and specific functions.

As contrasted with conventional linear polymers, dendritic polymers exhibit dis-
tinct physicochemical and biological properties [58]. Dendritic architecture pos-
sesses monodisperse nature, showing little molecular entanglement or
interpenetrating structures [60]. In addition, this kind of architecture also demon-
strates features including low viscosity and high solubility. Among these, multiva-
lency and functional groups attached to the polymeric scaffold play a vital role in
determining the material properties. For instance, polyamidoamine (PAMAM) den-
drimers, the highly symmetrical, highly branched, and monodisperse polymers with
functional groups in an activated form, can be utilized to deliver antigen peptides to
dendritic cells (DCs). The large number of functional groups of dendritic polymers
provides a powerful tool to improve their effects. Simultaneously, the surface modi-
fication owing to abundant terminal functional groups can decrease the toxicity.
PAMAM dendrimer was chemically modified with biocompatible PEG chains
resulted in better biocompatibility than non-PEGylated one. Therefore, currently,
the dendritic polymers have been functionalized to meet the need of vehicles with
high efficacy and good biosafety for cancer diagnosis and therapy.

9.3 Dendritic Polymer-Based Imaging Probes for Cancer
Diagnosis

Bioimaging is a hot area of research to explore specific molecular pathways in liv-
ing animals or humans. Up to now, various bioimaging techniques, such as optical
imaging, MRI, nuclear tomographic imaging, multimodal imaging technologies,
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and so on, have been developed and applied in cancer diagnosis. These powerful
techniques can visualize the complicated biological processes in vivo through
exquisite bioimaging probes with advanced modalities and can locate in tumor tis-
sue/cell, showing the potential to apply to cancer therapy, playing an important role
in simultaneous diagnosis and therapy. Most of the probes currently used in clinic
are low-molecular-weight compounds; therefore, some limitations like instability,
non-specificity, insensitivity, toxicity, and short plasma half-life, might hamper their
applications.

Various bioimaging probes have been developed in order to enhance their sensi-
tivity, improve selective ability, and prolong detection time. Especially, dendritic
polymers would provide tunable structures and enable multifunctional modification
[17, 61]. Firstly, they have a large number of chemical groups and can be modified
with small molecular imaging probes and other functions [62, 63]. Then, their
detection time can be largely tuned based on their physicochemical properties. Most
important is that both of contrast agents and therapy agents can be integrated simul-
taneously either in the interior cavities or on the surfaces, achieving cancer ther-
anostics [64].

Functional dendritic polymers can be employed as imaging probes. Especially,
the low-generation dendrimers or dendrons are functionalized with imaging probes
and targeting moieties [65, 66], as the dendritic polymers with low molecular weight
can be cleared from body, resulting in good biosafety [67]. The dendritic polymers
with precise and tunable nanoscopic sizes may be excellent candidates as multiva-
lent MRI probes. We firstly reported a series of novel Gd-based multifunctional
peptide dendritic probes ranging of generations 2, 3, and 4 were designed and pre-
pared as liver MRI probes, and the molecular structures of those dendritic MRI
agents functionalized with multiple galactosyl moieties were controlled structures
via organic chemistry, as shown in Fig. 9.1, resulting in a single molecular weight
[65, 66]. These peptide dendritic MRI agents showed improved r; value in the range
of 6.4-12.6 mM~'-S~!, which was up to threefold increase compared with clinical
agent Gd-DTPA. Additionally, compared with clinical agents and nontargeting den-
dritic agents, these dendritic agents functionalized with multiple galactosyl moieties
showed much higher cell uptake as demonstrated in 7,-weighted scans in vitro and
much better signal intensity (SI) enhancement in mouse liver in vivo, especially at
60 min postinjection. Therefore, the dendritic agents functionalized with galactosyl
moieties may be utilized as targeting MRI agents for liver cancer diagnosis. Unlike
amine-terminated dendrimers, such as PPI and PAMAM, which might present
hemolytic effects, the peptide dendritic agents are prepared from amino acids,
showing good biocompatibility through in vitro MTT cell proliferation assay and
in vivo toxicity studies [68]. Since the peptide branching units have biodegradable
property. Our and other groups’ previously studies showed that the longitudinal
relaxivities and system circulation of dendritic-based Gd(III) chelates were molecu-
lar weight dependent, and increasing the number of generations was a method to
improve their sensitivity [29, 69]. Moreover, the high-generation ones showed
higher drug/imaging moieties encapsulation capability and could assemble into
nanoparticles suitable for tumor passive targeting. However, due to the steric hin-
drance, it’s not easy to acquire high-generation dendrimers. For most of the den-



276 Y. Zhang et al.

a CbzHN
\\\\1NHBOC
NH

o

BocHN
CbzHN N 0w 1). TFA 1). Hp, Pd/C(10%) 1). NaOH

OHOH N
o NH 2). HOBYHBTU 2). HOBYHBTU 2). GAClg 6H,0 uo&\l oo
BocHN_ O )~coome ¢ OA oSt
p o HOOC . _COOEt QAc DA N0 O
NH . Q o o0 M H'\'\,,»H N
o KZ‘ EtOOC NN~ ~COOE M)%S\)L © NN
ZHN 'NH 9 < OH o

BocHN EtOOC L cooet OAc -, 0
[¢] N

d s
Gd-DTPA G2 G3 G4 G2T G3T GA4T = 45 BGd-DTPA BG2 ©G3 0G4 ©G2T BG3T mG4AT
= I
rd
€ 2 %
= g
£ 60 E
@ H
5 50 2
@ @
o =
$ 40 &
£ 2
@ 30 b
2 &
® 20
&
10
0 Time (min}
A L > A & A
PO ¢ & & &

&F Samples

Fig. 9.1 The synthesis route of Gd(IlI)-dendritic probe G3T with four Gd-DTPA labels and four
galactosyl moieties (a). In vitro MRI study on HepG2 cells and in vivo studies showed that the
targeting dendritic probe (G2T, G3T, and G4T) resulted in relative enhanced signal intensity (SI)
in cells at 4 h post-incubation (b) MR images and (c) enhanced in vivo SI (d) (Reprinted from
reference [65], Copyright (2011), with permission from Elsevier)

dritic polymers, such as PAMAM and PPI dendrimers, the size is below 10 nm, and
the high-generation ones also lead to potential toxicity, as the non-biodegradable
branch unites [70, 71]. Although the emergence of click chemistry provides an
alternative strategy to prepare high-generation peptide dendritic polymers, the
cytotoxicity is still observed when the generation is over five and molecular weight
is over 20 kDa [68]. That is due to their slow degradation.

Recently, biodegradable dendritic polymers, such as dendrimers and dendrons
with low molecular weight, are functionalized with linear polymers, and the new
dendritic ones with much higher molecular weight showed significantly increased
EPR effects and long blood circulation time in vivo. Among the polymers, polyeth-
ylene glycol (PEG), as a component that can decrease nonspecific interactions of
dendrimers with others in the blood, is introduced to extend retention time and
eliminate the naked dendritic scaffold drawbacks of hemolytic toxicity (especially
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for cationic ones), uncontrolled drug burst release, etc. When the six-generation and
melamine dendrimers were functionalized with amine, guanidine, carboxylate, sul-
fonate, phosphonate, and PEG, the hemolytic and cytotoxicity studies showed that
the cationic dendritic polymers were more cytotoxic and hemolytic than PEGylated
ones. Moreover, the PEGylated dendritic polymers resulted in no toxicity, lethality,
and abnormalities in blood chemistry [72, 73]. Margerum et al. functionalized
PAMAM dendrimers (G2 and G3) with PEG and the macrocycle
1-(4-isothiocyanatobenzyl)amido-4,7,10-triacetic acid-tetraazacyclododecane
(DO3A-bz-NCS) was conjugated to the dendritic scaffold, followed by chelation
with gadolinium ion (Gd*), resulting in water-soluble, monodisperse, and dendritic
MRI contrast agents [74]. It is notable that the lower molecule agent (MW: 22 kDa)
showed lower blood elimination half-life of 11 min, and the higher molecule ones
(MW: 61.8 kDa) increased the blood elimination half-life to 115 min, indicating the
number of PEG influenced the features of the MRI agents. Based on the above
observations, we reported the Gd(II)-based peptide dendritic polymer and
PEGylated dendritic one with highly controlled structures and single molecular
weights and their potential use as MRI contrast agents [69]. These three-generation
dendritic agents showed no obvious cytotoxicity, indicating the scaffold could be
degraded to segments with much lower molecular weights. Our study demonstrated
the PEGylated dendritic formulations resulted in significantly improved r; value of
39.2 GA(IIT) mM~' s7!, which was over ninefold increase in T relaxivity compared
with clinical agent of Gd-DTPA [69]. Compared with the non-PEGylated dendritic
agents and clinical agent of DTPA-Gd, in vivo studies have shown that the mPE-
Gylated agent resulted in much higher SI enhancement in mouse kidney at 60 min
postinjection, as the observed 54.8 % relatively enhanced SI. Additionally, for the
mPEGylated dendritic agent, much higher accumulation of gadolinium in the liver
and kidney was also detected, and much higher Gd(III) concentration in blood with
38 pg Gd(III)/g blood at 1 h postinjection was also observed, indicating much lon-
ger blood circulation time. Finally, the Gd(III) concentration in blood also decreased
for all the dendritic agents, indicating the Gd(III) could be cleared from the body
and the dendritic agents have potential good biosafety [69]. That is attributed to the
biodegradability of peptide dendritic structures [75]. These findings indicate that
the PEGylated peptide dendritic polymers can be employed as imaging probes and
drug delivery systems for cancer treatment, because of the long blood circulation
and biodegradable features.

In order to prevent the removal of nanoparticles by the mononuclear phagocyte
system (MPS), PEG not only has been employed to functionalize dendrimer, den-
dron, and inorganic imaging nanoparticles but also has provided the possibility to
fabricate PEG-based hyperbranched polymers [76, 77]. The introduction of a
branched architecture simultaneously provides multiple functionalities of both
imaging and targeting. Targeting ligand, folate, endows this platform with the capa-
bility for cellular targeting. Furthermore, the structures and molecular weights can
be controlled via reversible addition-fragmentation chain transfer (RAFT) polymer-
ization [78], and the size of the polymeric particles plays a significant role in their
subsequent behavior in vivo [79]. The results in confocal and FACS clearly showed
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that groups conjugated with folic acid on the polymer demonstrate increasing rate
and degree of molecular import into cells, while cells in unconjugated one show
very little uptake of polymer. Finally, the competitive binding assay suggests that
internalization takes place via the folate receptor. Both MR and optical images indi-
cate a clear signal of the folate-conjugated and unconjugated imaging agents in
major organs [30, 80], suggesting the intrinsic sensitivity and complementarity of
these multimodal imaging probes. However, obvious signal of the tumor is only
detected in folate-conjugated groups, showing that the decoration of folate increases
the capability of tumor targeting.

In order to overcome the drawbacks of dendrimers or dendron with small
nanoscale size, recently dendronization strategy has been employed to prepare den-
dritic polymer-based nanoparticles with larger sizes and well-defined molecular
objects via connecting low-generation dendron to polymeric scaffold [81, 82], in
which the linear polymer was designed as a polyfunctional and polydisperse core,
and the new polymers with dendritic architectures were referred as “dendronized
polymers” [83, 84]. Once the dendritic polymers have been functionalized with
hydrophobic and hydrophilic moieties, the amphiphilic dendronized polymers can
self-assemble into nanoparticles possessing the advantages of dendrimer and linear
polymer [85, 86]. The dendronization and self-assembly strategy can address the
synthetic challenges associated with preparation of functionalized dendrimer- or
dendron-based nanoparticles with desired sizes. Bai and coworkers reported water-
soluble dendronized polyfluorenes, and the dendritic polyfluorenes prepared via
dendronization exhibited a quite high quantum yield in water, providing potential as
fluorescent probes for cancer or cancer cell diagnosis [87].

Although the introduction of nanomaterials has dealt with a few challenges in
imaging, there are still some fundamental drawbacks of imaging technologies. For
instants, MRI generates high spatial resolution but is often hindered by poor sensi-
tivity. Optical imaging has high sensitivity with low cost; however, it suffers from
autofluorescence and absorption by tissues. Positron emission tomography (PET)
shows high detection efficiency and excellent tissue penetration but causes radiation
for the patients. In this case, the combination of strengths of one imaging modality
with a complementary modality has come to the fore. For example, Wen et al.
designed and synthesized multifunctional gadolinium-loaded dendrimer-entrapped
gold nanoparticles (Gd-Au DENPs) for dual-mode CT/MR imaging applications
[88, 89]. From the results of T1 relaxometry and X-ray attenuation measurements,
it is demonstrated that the formed Gd-Au DENPs achieved a r; relaxivity of
1.05 mM"s7! and enhanced X-ray attenuation property, which contributed to
loaded Gd(III) ions as well as AuNPs. The in vivo biodistribution studies revealed
that the Gd-Au DENPs gained a prolonged circulation time and were able to be
cleared from the major organs within 24 h. More importantly, Gd-Au DENPs were
colloidally stable and there was no significant toxicity even when the Au concentra-
tion increases to 50 pM. Recently, Rolfe et al. described a dendritic polymer for
multimodal imaging. And it is the first time to combine exceptional spatial and
anatomical resolution "’F"H magnetic resonance imaging with highly sensitive fluo-
rescence imaging [90].
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9.4 Dendritic Polymer-Based Drug Delivery Systems
for Cancer Therapy

Dendritic polymers have been investigated as nanoscale vehicles for carrying anti-
cancer drugs for cancer therapy, which is based on the characteristics in tumor cell/
tissue. For instance, the endothelial lining of the blood vessel wall is more perme-
able than normal state, leading to the selective higher accumulation of dendritic
macromolecules in tumors, which is known as EPR effect or named passive target-
ing. Furthermore, tumor and its related tissues often overexpress specific receptors,
antigens, or integrins, such as o,f;, providing different ways to prepare drug deliv-
ery vehicles, as the dendritic drug delivery systems are functionalized with tumor-
targeting moieties, resulting in active targeting. Currently, most anticancer drugs
suffer from some challenges, including poor water solubility, nonspecific cytotoxic-
ity, and unfavorable pharmacokinetics, which lead to low therapeutic index and high
side effects. To overcome these shortcomings, functional dendritic polymers are
designed and utilized as carriers for drug delivery. Compared with linear polymers,
the dendritic ones are hyperbranched and globular macromolecules with a multiva-
lent surface and interior shells, making them interesting candidates for the applica-
tion as delivery systems for cancer therapy.

For dendritic polymer-based delivery systems for cancer therapy, the active anti-
cancer pharmaceutical agents follow two different mechanisms. First is that these
agents can be encapsulated into the internal supramolecular voids of dendritic poly-
mers via physical incorporation based on host-guest chemistry. Physical incorpora-
tion has some straightforward advantages. It provides a rapid and simple preparation
method without adverse effect on the structures of drugs and their pharmacological
bioactivity. Moreover, the encapsulation of drug in the dendritic voids protects
labile molecules from degradation and also solves solubility problem associated
with hydrophobic compounds. The pioneered application of dendritic polymers
with a unique chemical architecture and multivalent periphery as a candidate for
drug delivery in cancer therapy is the so-called “dendritic box”-type architecture. In
1982, initial studies by Maciejewski have shown the use of egg shell-like
architectures for the non-covalently entrapment of guest molecules in polymers.
Until now, several types of dendritic polymers, such as dendrimer, hyperbranched
polyethylenimines, polyglycerols [91], and polyesters [92, 93], have been investi-
gated for the encapsulation of drugs. For example, Ye et al. investigated the carbox-
ylate functionalized hyperbranched polyglycerols (HPGs), and their capacity to
bind cisplatin, controllably release drug as well as inhibit proliferation of KU-7-luc
bladder cancer cells. Carboxylates with different densities were conjugated to
HPGs, resulting in HPG-Cygc-MePEGgs-COOH,;; and HPG-Cyg-MePEGg 5-
COOH;4 [91]. Both carboxylated HPGs showed a hydrodynamic diameter ranging
from 5 to 10 nm and demonstrated good biocompatibility as well as effective inhibi-
tion of KU-7-luc bladder cancer cells. Meanwhile, they found that different levels
of carboxylate had an effect on their behaviors of cisplatin loading and drug release.
HPG-Cy10.mepeGs.5-coont 1z bound up to 10 % w/w cisplatin and released drug at the
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same rate over 7 days. In contrast, HPG-Cg,;;-MePEG¢ s-COOH;,45 bound up to 20 %
w/w drug and indicated a significantly slower release than HPG-Cyg;(-MePEGg s-
COOH,; at pH 6.0 and pH 7.4. In addition to direct entrapment of small-molecule
drugs within the inner nanocavities of dendritic polymers, the self-assemble of
polymers also allows drugs to be encapsulated into the void spaces. Zou et al. dis-
covered the amphiphilic, modified hyperbranched aliphatic polyester Boltorn™ H20
(H20) was suitable to be designed as a controlled drug delivery system [92].
Biodegradable H20 is a spherical molecule with hydroxyl groups, allowing modifi-
cation for other polymers, establishing an amphiphilic hyperbranched polyester.
And this amphiphilic H20-AM was obtained through the introduction of succinic
anhydride and glycidyl methacrylate. Besides, it could self-assemble into nanopar-
ticles in aqueous solution, encapsulating daidzein. The LLS study showed the aver-
age particle size was 39.4 nm, and size distribution was relatively low. As for the
behavior of drug release, nanoparticles degraded in a random one-by-one manner in
the presence of the enzyme lipase PS and sustained several days, leading to a novel
controlled drug release system.

Besides encapsulation of anticancer agents, chemical conjugation is another
approach to develop dendritic polymers in cancer therapy. Anticancer drugs which
are covalently conjugated to dendritic scaffold can achieve increased drug loading,
controlled and selective drug release, and enhanced biosafety. Recently, environ-
mentally responsive dendritic conjugates are reported to explore the drug release
features and their potential as an anticancer platform. We have reported that the
functionalization of pH sensitiveness and cellular targeting is a promising strategy
to fabricate drug delivery systems with high efficiency, high selectivity, and low
toxicity. We designed and prepared a poly(L-glutamic acid) dendrimer-based drug
delivery system with both pH sensitive and functionalized with targeting moiety of
biotin. The nanocubic polyhedral oligomeric silsesquioxane (POSS) was utilized as
core, and the anticancer drug DOX was conjugated to the dendrimer via pH-sensitive
hydrazine bonds. The low-generation dendrimer-based conjugate could self-
assemble into nanoscale carrier with size around 50 nm confirmed via DLS and
TEM. The nanoscale carrier demonstrated much higher drug release rates at pH 5.0
than those at pH 7.0 owing to the acid-sensitive hydrazine bonds. We proposed that
the selectively cellular uptake of the biotin functionalized nanoscale carrier was
mainly via receptor-mediated endocytosis, which was proved by cellular internal-
ization study. The pH-sensitive dendrimer-based conjugate could be internalized in
mice breast cancer 4T1 cells efficiently and resulting in close IC50 values compared
with that of free DOX. However, compared with the free drug, although slightly
increased in vivo anticancer efficacy was observed in mice xerograft breast cancer
models, the results demonstrated that it was still not satisfied. That was attributed to
the low tumor accumulation mediated by low-generation dendrimer. Therefore,
increasing generation and surface modification can be utilized to gain longer reten-
tion time and higher antitumor efficacy. However, increasing generation is not easy
due to the steric hindrance and may cause side effects.

In order to achieve high tumor accumulation and ensure safety, polyethylene
glycol (PEG), which can extend blood circulation in blood, is used to modify the
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surface of dendrimers with low molecular weight and generation. We described the
mPEGylated peptide dendron-doxorubicin conjugates based pH-responsive
nanoparticles for cancer therapy, whereas the generation of the dendron was genera-
tion three (G3) [94]. DLS, SEM, and TEM studies revealed that the amphiphilic
dendron-DOX conjugating with features of block polymers could self-assemble
into nanoparticles, with neutral charged surface and diameter around 80 nm, show-
ing globular morphology. Compared with normal physiological conditions, DOX
release from the particles was much faster at pH 5.0, which imitated the tumor
conditions, indicating pH-sensitive drug release owing to the cleavage of the hydra-
zone bonds. In terms of in vitro cytotoxicity, nanoparticles were shown to effec-
tively kill breast tumor cell 4T1. Additionally, the nanoparticle produced excellent
antitumor effects and induced apoptosis on the 4T1 breast tumor model, while DOX
only showed moderate efficacy. In vivo toxicity evaluation demonstrated that drug-
free dendron and drug-loading nanoparticles have had no significant systematic tox-
icity. Thus, the functionalized peptide dendron-DOX conjugate-based pH-responsive
nanoparticles have the potential to be safe and efficient drug delivery systems for
cancer therapy. It is notable that both environment-responsive linker (bone) and
PEGylation are important to dendritic drug delivery systems. For example, Duncan
and coworkers reported PAMAM dendrimer-based Pt-loaded dendritic systems
where the cisplatin (Pt) was coupled with the dendrimer via an ester linkage and the
Pt content was 20-25 wt.%, resulting in high aqueous solubility and stability (ten-
fold higher aqueous solubility compared with free Pt) [95]. However, although this
dendritic drug delivery system showed insignificant toxicity toward all tested cancer
cells lines, too slow drug release was also observed and the great stability (<1 % Pt
release) upon incubation in PBS (pH 7.4) and citrate buffers (pH 5.5) at 37 °C for
72 h, indicating low anticancer efficacy in vivo. Therefore, to enhance the drug
release rate as well as stability in circulation system, the drug can be covalently
attached to dendritic scaffold via environmentally sensitive linker or bone. We also
reported PEGylated dendritic diaminocyclohexyl-platinum (II) (dendrimer-
DACHP?) conjugates, whereas the generation of the dendrimer was also generation
three (G3). That dendritic conjugate were investigated as pH-sensitive drug delivery
vehicles where the drug DACHPt with the same structure as oxaliplatin was linked
to mPEGylated dendrimer by N,O-chelate coordination [96]. Carboxyl groups and
alkynyl groups were employed to modify the periphery of the dendrimer, and azido
mPEG chains were conjugated via a Cu(I)-catalyzed alkyne-azide click cycloaddi-
tion (CuAAC). Dendrimers with different mPEG chains, mPEG(750)-dendrimer-
DACHPt and mPEG(2k)-dendrimer-DACHPt, were synthesized to investigate the
behaviors of them in cancer therapy. This is necessary for investigating the drug
release characteristics. After the 48 h incubation at pH 7.4 and 5.0, drug release
results showed that both the mPEG(750)-dendrimer-DACHPt and mPEG(2k)-
dendrimer-DACHPt were relatively stable at pH 7.4 and achieved a faster release in
acetate buffer (pH 5.0) by 48 h, indicating good stability in circulation and relatively
rapid release in endosome. This phenomenon was caused by pH-induced transfor-
mation of N,0 chelate. The results from biodistribution studies demonstrated the
platinum levels of oxaliplatin® measured in blood were much lower than conjugates
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groups over the test time. Simultaneously, the platinum level in tumor tissue of
oxaliplatin® was also much lower than conjugate groups and sharply decreased at
36 h postinjection, while the dendritic conjugates showed no significant decrease.
Meanwhile, the in vivo anticancer efficacy was observed, and the dendrimer-
DACHPt conjugates achieved obviously better suppression of tumor growth than
oxaliplatin® at equal doses in an SKOV-3 human ovarian cancer xenograft. Those
studies and results indicated that the high accumulation and significantly increased
anticancer efficacy can be achieved via the PEGylation and chemical conjugation.

In addition to PEGylation, dendronization strategy has been used to prepare den-
dritic polymers with high molecular weight and biodegradable features, and the
dendritic drug delivery systems are able to carry drug to tumor with high efficacy.
The new polymers with dendritic architecture were referred to as “dendronized
polymers” [83, 84]. By optimization of the structures, some amphiphilic den-
dronized polymers can self-assemble into nanoparticles via combination of the
advantages of dendrimer and linear polymer [85, 86], resulting in nanoparticles
with desired sizes suitable for cancer treatment. We have reported the preparation
and characterization of dendronized heparin-DOX conjugate and its self-assembled
nanoparticles as pH-sensitive drug delivery vehicles for breast tumor therapy, as
shown in Fig. 9.2 [20]. The low-generation peptide dendron (G2) was conjugated to
heparin via click reaction, and the drug DOX was conjugated to the hydrophobic
dendron through pH-sensitive hydrazone bond. The prepared amphiphilic den-
dronized polymer self-assembled into compact nanoparticle with negatively charged
surface and size of 80—-100 nm, which were determined by DLS and TEM studies.
That dendronized heparin-DOX conjugate-based nanoscale vehicle demonstrated
pH-sensitive drug release features and significantly increased antitumor activity,
high anti-angiogenesis effects, and induced apoptosis on the 4T1 breast tumor
model. Because the heparin is non-cytotoxic, biodegradable, rich in animal tissues,
and water soluble and of its application as an anticoagulant drug due to its ability to
accelerate the rate at which antithrombin inhibits serine proteases in the blood coag-
ulation cascade [97, 98], the dendronized heparin-DOX conjugate-based nanoscale
vehicle also resulted in no significant toxicity to healthy organs of both tumor-
bearing and healthy mice. Therefore, the dendronization and self-assembly can
overcome the synthetic challenges associated with preparation of dendritic polymer-
based nanoparticles with satisfied sizes for tumor passive targeting.

9.5 Dendritic Polymer-Based Nanosystems for Cancer
Therapy Guided by Imaging

At the intersection between diagnosis and therapeutic, focus has been put on inte-
grating the above-described approaches into a single formulation, termed as “ther-
anostics,” providing a novel method for cancer treatment. Theranostic is related to
but different from traditional diagnosis and treatment. It is committed to a
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Fig. 9.2 Structures of dendronized heparin-DOX conjugate (a) and the illustration of dendronized
heparin-DOX conjugate self-assembled into nanoparticles (b). The dendronized polymer-based
nanoparticles resulted in higher in vivo 4T 1-tumor growth inhibition (¢, d) (Reprinted from refer-
ence [20], Copyright 2013, with permission from Elsevier)

comprehensive and precise diagnostic, as well as various treatment options that are
suitable for patients. Moreover, theranostics can provide valuable real-time moni-
toring of agent delivery, agent release, and therapeutic outcomes following treat-
ments. The nanoparticles, owing to exquisite nanostructures and huge surface area
to volume ratios, may offer opportunities to develop theranostic platforms that can
simultaneously monitor and treat disease in a single platform. Besides, nanoparti-
cles can be functionalized via chemical conjugation or physical encapsulation to
accommodate the different requirements of theranostic systems. Meanwhile, nano-
structures have the ability to target tumors via passive accumulation or active-target-
ing approaches. Up to now, several nanoparticle vehicles, such as dendritic polymers
[99], silica nanoparticles [51, 52], magnetic nanoparticles [100], gold nanomaterials
[101, 102], carbon nanomaterials [48, 103], and protein-based nanomaterials, have
been explored in theranostics for cancer [104, 105]. Functional dendritic polymers,
as one of the excellent nanoscale carriers, provide numerous functional groups and
adequate spatial cavities for imaging and therapeutic components while maintaining
good solubility and biocompatibility. All their unique properties make them promis-
ing candidates for cancer theranostic.
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Currently, representative investigated imaging modalities are X-ray computed
tomography (XCT), MRI, ultrasound imaging (UI), optical imaging (OI), and
nuclear imaging (NI), which have been applied to view the human body in order to
diagnose, monitor, or treat the tumors. Each type of modality has its advantages and
drawbacks and provides different information about the area of interest being diag-
nosed or treated. For the functional nanomaterials for cancer theranostics, selection
of an appropriate imaging modality is highly dependent on the biochemical process
which is expected to visualize and the type of imaging data that is needed to be
obtained. To dendritic polymer-based theranostics nanocarriers, the representative
imaging modalities are OI (including DOX for fluorescence, photodynamic ther-
apy) and MRI (including Gd*-labeled carriers and magnetic hybrid
nanoparticles).

9.5.1 Near-Infrared-Based Dendritic Nanosystems

Optical imaging is widely used as a biomedical imaging modality for preclinical
research due to the attractive features, including low cost, good spatial resolution,
and high sensitivity. To the anticancer agents without imaging property, the biodis-
tribution of dendritic theranostic nanosytems in vivo can be guided by NIR imaging,
and the imaging probes include fluoroisothiocynate (FITC), Cy5, and Cy5.5.
Meanwhile, the interaction with cells and their cellular entry can be visualized by
flow cytometry, confocal microscopy, and UV/visible spectroscopy [35, 106].
Backer et al. reported the NIR dye Cy5-labeled and boronated PAMAM dendrimers
(VEGF-BD/Cy5) and the dendrimer without VEGF (BD/CyS5) for boron neutron
capture therapy (BNCT) [107]. The generation 5 dendrimers were modified with
vascular endothelial growth factors (VEGF). For in vivo analysis, NIR fluorescent
imaging was employed to study their biodistribution, uptake in tumor-bearing mice,
and monitor the in vivo activities in 4T1 mouse breast carcinoma, resulting in selec-
tive accumulation of VEGF-BD/Cy5. The NIR dye Cy5-labeled dendritic vehicle
(VEGF-BD/Cy5) was therefore potential to be theranostic vehicle for BNCT of
tumor neovasculature.

The in vivo increased anticancer efficacy and accumulation in tumor can be
mediated by multifunctional dendritic polymer-based theranostic systems, where
the theranostic nanosystems are functionalized with active-targeting moieties and
imaging probe FITC. For example, the cationic PAMAM dendrimers were partly
neutralized through partial acetylation, providing enhanced solubility and prevent-
ing protein adsorption and nonspecific targeting interactions in vivo, as the surface
amino groups were protected. On the other hand, the acetylated dendrimers were
further conjugated with imaging probe FITC, targeting moiety folic acid (FA) and
chemotherapeutic drug paclitaxel, resulting in cancer-targeting theranostic nanosys-
tems. These multifunctional theranostic nanosystems have been investigated as tar-
geting drug delivery systems, and their in vitro targeting to cancer cells can be
guided by fluorescence imaging [108]. It is also reported that the acetylated PAMAM
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dendrimers were further functionalized with the targeting moiety biotin and imag-
ing probe FITC. The targeting drug delivery was achieved and monitored by flow
cytometry and confocal microscopy, showing that the theranostic nanosystems
functionalized with biotin exhibited much higher cellular uptake into HeLa cells
than that without biotin [109]. Choi et al. reported the cationic G5 PAMAM den-
drimer functionalized with FITC and FA as theranostic gene delivery vectors for
cancer treatment. The theranostic nanosystems could self-assemble with comple-
mentary DNA oligonucleotides (5'-phosphate-modified 34-base-long oligonucle-
otides), and the pDNA was protected. The novel nanoscale systems lead to gene
delivery systems with “cluster effects” feature that targeted cancer cells that overex-
pressed the high-affinity folate receptor, which was monitored by fluorescence
imaging. In vitro studies of the nanoparticles loading pDNA showed specific bind-
ing to KB cells [110]. Those studies and results indicated that functional dendrimers
with targeting moieties and imaging probe of FITC could be employed as theranos-
tic nanosystems for gene and drug delivery systems.

Recently, dendronization strategy also showed possibility for theranostic nano-
systems combining drugs delivery and fluorescence imaging. Recently, fluorescent
materials with molecular imaging functionality are designed as biomaterials studied
in biology and pathophysiology. Among those materials, water-soluble dendronized
polyfluorenes have been reported as their extremely high fluorescence quantum
yield in aqueous media [111]. Liu and coworkers reported hyperbranched polyfluo-
rene with ionic groups for the fluorescence imaging of cancer diagnosis [112].
PEGylation was employed to functionalize the fluorescent polymers for drug deliv-
ery, which might be suitable for different drugs. Bai et al. reported novel den-
dronized fluorescent polyfluorenes were prepared from hydrophilic monomers and
hydrophobic comonomers by polymerization [87]. These dendronized polymers
were water soluble and showed differential cellular uptake and strong fluorescence.
Once loaded with anticancer drugs, the dendronized fluorescent polyfluorenes
might be suitable for cancer theranostics.

Therefore, fluorescence imaging based theranostics plays an important part in
real-time monitoring of drug distribution and assessment of therapy in preclinical
research. Ornelas and coworkers designed a dendrimer-based building block for
theranostics [99]. The Janus-like dendrimer system was formed by combining 2
separately synthesized dendrons, consisting of 9 azide termini, 9 amine termini, and
54 terminal acid groups. A near-infrared (NIR) cyanine dye was employed by react-
ing with the nine amine termini to provide optical imaging. Besides, this system
showed no toxicity toward T98G human cells. The synthetic strategy reported in
this study might offer an effective way for theranostics. Santra et al. synthesized a
water-soluble, hyperbranched polyhydroxyl (HBPH) nanoparticle which simultane-
ously encapsulated the near-infrared dye indocyanine green (ICG) for imaging and
cytochrome ¢ (Cyt ¢) as a therapeutic agent [113]. The presence of amphiphilic
pockets inside the three-dimensional hyperbranched structures played an important
role in encapsulation of above functional cargos. It was reported that the introduc-
tion of folic acid developed a targeted transmembrane carrier, and the Cyt c-
encapsulating HBPH nanoparticles could deliver this functional apoptosis-initiating
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protein to folate-receptor-positive cancer cells, followed by apoptotic response and
programmed cell death, like fluorescent dyes and a protein. Moreover, confocal
microscopy was utilized to optically confirm the intracellular release of Cyt ¢ and
cell apoptosis. The results indicated that there was an enhanced fluorescence in the
cytoplasm when the folate nanoparticles were incubated with lung cancer cells
(A549) which express the folate receptor, while there was no significant fluores-
cence in MCF 7 cells which did not express the folate receptor. Interestingly, after
being preincubated with free folic acid, the folate nanoparticles showed minimal
internalization in the same A549 cells. Moreover, phenomena involved dramatic
cellular morphological changes and cell death were observed when the cells were
incubated with the Cyt c-encapsulating HBPH nanoparticles. In conclusion, this
novel HBPH nanoparticle-based targeted release system might have great potential
for use in theranostics.

Besides fluorescent dyes, doxorubicin (DOX), as one of the mostly utilized anti-
cancer pharmaceuticals, has been widely investigated not only for its anticancer
effect but also for its autofluorescence, which makes it an unordinary candidate for
theranostic. DOX can be conjugated with or encapsulated into dendritic polymers to
work its therapeutic effects. Additionally, the fluorescence of DOX can be directly
measured without additional probes. Based on the autofluorescence of DOX, the
mechanistic studies, including cell uptake and internalization, were carried out in
the absence of other imaging probes. Additionally, the effect of PEGylation degree
on the tumor-targeting efficiency of the dendritic conjugates in SKOV-3 tumor mod-
els was also visualized by in vivo fluorescence imaging. In recent years, we focus
on this kind of theranostic system and try to improve its functions. We reported an
amphiphilic peptide dendritic copolymer-DOX nanoscale conjugate that prepared
via two-step highly efficient click reaction as an anticancer agent. The introduction
of the glycylphenylalanylleucylglycine tetrapeptide spacer (Gly-Phe-Leu-Gly,
GFLG), which is a sensitive cathepsin B, a lysosomal cysteine protease overex-
pressed in many tumor cells and tumor endothelial cells, allowed enzyme-responsive
release of DOX. Moreover, the autofluorescence of DOX provided information
about the delivery of anticancer drugs, leading to the further understanding of the
anticancer action principle. We demonstrated the dendron-GFLG-DOX conjugate
could self-assemble into compact nanoparticles with negatively charged surface
through DLS and TEM studies, as shown in Fig. 9.3 [114]. The drug release tests
showed this conjugate possessed enzyme-responsive drug release features while it
was stable under normal conditions. Simultaneously, the fluorescence of DOX was
used directly to measure cellular uptake without other markers. CLSM images indi-
cated designed nanoparticles could be uptaken by cancer cells, leading to potential
anticancer efficacy. The ex vivo fluorescent image also indicated accumulation and
long-time retention of nanoparticles within tumors, showing therapeutic outcomes
following treatments. Consequently, the nanoparticles substantially enhanced anti-
tumor efficacy compared with the free DOX both in vitro and in vivo. Furthermore,
through body weight shifts, the nanoparticles decreased DOX-induced systemic
toxicities. Histological analysis of organs further indicated free DOX-induced car-
diactoxicity, while nanoparticles showed good biosafety [115]. Therefore, the
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Fig. 9.3 Molecular structure of dendrimer-GFLG-DOX conjugate (a) and that conjugate assem-
bled to nanoparticles. Comparison of the tumor inhibition effect of dendrimer-GFLG-DOX versus
free-drug DOX and saline in the human ovarian tumor SKOV-3 model conjugate demonstrated
significant enhanced tumor inhibition at equal dose (b). The in vivo biodistribution of DOX and the
conjugate was measured by fluorescent imaging in nude mice bearing SKOV-3 tumor (1 h, 6 h,
24 h) after injection through caudal vein (¢) (Reprinted from reference [114], Copyright 2014, with
permission from The Royal Society of Chemistry)

dendron-GFLG-DOX conjugate-based nanoparticle served as a potential theranostic
vehicle for cancer. Extensive investigation has been performed by us. Recently, we
described the preparation of enzyme-sensitive mPEGylated peptide dendrimer-
doxorubicin conjugate and its potential as theranostic platform for breast tumor
[114]. On one hand, DOX acted as an antitumor drug. On the other hand, it provided
a real-time monitoring of its own delivery. From the in vivo fluorescent imaging
study, dendrimer-DOX conjugate-based nanoparticles had the ability to rapidly
accumulate at tumor site via EPR effect due to the appropriate nanoscale size, showing
increasing signals in tumor and reached a maximum at 24 h. In contrast, free DOX
only had a modest signal and was barely changed. All these in vivo imaging results
suggested the delivery and aggregation of DOX and might provide a useful strategy
for design of dendritic polymer as a safe and effective theranostic scaffold.
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9.5.2 Dendritic Theranostic Nanosystems for Photodynamic
Therapy

Photodynamic therapy (PDT) has emerged as one of the important and well-
recognized clinical therapeutic strategies to cancer and other diseases therapy, as its
great advances have been observed in recent years, which involves three elements:
a photosensitizer, light, and oxygen [116]. Compared with chemotherapy and radio-
therapy, the PDT for cancer therapy has showed some advantages, as their relative
specificity and selectivity of PDT with low side effects. Additionally, photosensitiz-
ing drugs have been known and applied in medicine for several thousand years, and
some agents, including porphyrins, their derivatives, and porphyrin-inducing drugs,
are the most commonly utilized photosensitizers [117]. Similar to the other small-
molecule drugs, porphyrins and their derivatives showed some shortcomings.
Therefore, biodegradable polymeric nanoparticles have been designed for PDT to
enhance their accumulation into tumors and control drug release from as early as
1990, and the first report is hematoporphyrin adsorbed in polyalkylcyanoacrylate
nanoparticles [118]. Moreover, the outstanding near-infrared (NIR) optical proper-
ties of PDT agents, including porphyrins and their derivatives, provide possibility of
their nanoscale systems for cancer theranostic and visualization of malignant tissue
by fluorescence imaging (Fig. 9.4) [119].

Dendritic polymers, such as dendrimers, have been designed to carrier PDT
agents for cancer PDT [120]. Firstly, owing to the internal cavities of structural
features, dendrimers have been employed to encapsulate PDT agents. For example,
the high-generation dendrimers were functionalized with phloroglucinol and suc-
cinic acid, and the resulted water-soluble, anionic surface and biocompatible
dendritic polymers were utilized to load hydrophobic PDT agent of protoporphyrin
IX (PpIX) [121]. The cytotoxicity of those theranostics nanosystems on dalton lym-
phoma ascites (DLA) cancer cell lines upon visible light treatment showed much
higher cytotoxic reactive oxygen species (ROS) than those of free PpIX and its
free-drug carriers. Kono et al. modified the PAMAM and PPI dendrimers via

C_Dake
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1.7 3.5 7.0
Pc concentration, pg/mL

Fig 9.4 The illustration of tumor-targeting dendritic polymer-based theranostic nanosystems for
cancer photodynamic therapy and their in vivo cancer theranosis and the relative intracellular ROS
levels in A2780/AD cells incubated with theranostic dendritic nanocarriers (Image is adapted with
permission from reference [119], Copyright 2013, American Chemical Society)
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PEGylation, resulting in PEG-PAMAM and PEG-PPI to carry photosensitizers rose
bengal (RB) and PpIX for PDT. It was found that PEG-PPI-loaded PpIX demon-
strated higher cytotoxicity in vitro upon visible light treatment, compared with free
PpIX, suggesting that PEGylated cationic dendrimers were promising vehicles for
PDT [122]. Additionally, PEGylated PPI dendrimer functionalized with luteinizing
hormone-releasing hormone (LHRH) peptide also showed efficient delivery phtha-
locyanines (Pc, as one photosensitizer) [119]. The theranostic nanosystems demon-
strated subcellular localization in vitro, and their organ distribution in vivo was
determined via the intrinsic fluorescence properties of phthalocyanine [119].

9.5.3 Magnetic Resonance Imaging-Based Dendritic
Nanosystems

Magnetic resonance imaging (MRI) has been one of the most promising multifunc-
tional imaging techniques, since it possesses advantages such as noninvasiveness,
high spatial resolution, and relatively deep penetration toward soft tissue. Nowadays,
MRI-based theranostic platform has been extensively investigated, as it is much
more sensitive than X-ray technologies for soft tissues in human body. However, to
MRI-based theranostic nanosytems for cancer treatment, some challenges still
remain and the future exploration of paramagnetic MRI theranostic nanosytems
might meet the following requirements: (1) the MRI probes and anticancer drugs
should be conjugated or loaded into a single scaffold; (2) they should specifically
target tumors; (3) the relaxivity r; should be high and the MRI probes should be at
low doses; (4) the intravascular duration should be long enough; (5) the excretion
time should be suitable; (6) the drugs and MRI probes should be released from the
carriers to meet the requirement of biosafety.

Gadolinium(IIT) chelates have been proved as the most commonly used 7) MRI
contrast agents in clinical application, due to their ability to provide a positive image
contrast. Some nanoscale systems labeled with gadolinium(IIl) chelates, such as
Gd-DTPA and Gd-DOTA, have demonstrated to increase the longitudinal relaxation
rates of surrounding water protons and have much higher positive single intensity,
resulting in the possibility as novel nanoscale MRI contrast agents for cancer diag-
nosis. When both anticancer agents and gadolinium(III) chelates are conjugated or
loaded to nanoscale vehicles, theranostic nanosystems are obtained for cancer treat-
ment and the possibility to guide their biodistribution and tumor targeting for both
imaging and therapeutic agents can be achieved by MRI. Tomalia et al. have reported
the dendritic polymers can be used as multipurpose theranostic nanosystems for
anticancer drug delivery and diagnostic MRI contrast agents [17]. K. Kono and
coworkers have proposed some multifunctional liposomes based on temperature-
sensitive copoly(EOEOVE-block-ODVE) and PAMAM dendrimers functionalized
Gd chelate. The liposomes have temperature-responsive drug release features and
MR imaging functions. The anticancer drug DOX was then successfully been
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encapsulated into the liposomes, giving dendritic polymer-based theranostic lipo-
somes, which were capable of retaining the therapeutic agent within their interior at
physiological temperatures and releasing the drug at temperatures above 40 °C. The
in vivo accumulation processes of the theranostic liposomes were guided via MR
imaging, suggesting the size of liposome affected their accumulation efficiency in
tumors [123]. Those results provide some references for designing dendritic
polymer-based liposomes for cancer treatment via optimization of the molecular
structures.

Recently, Li et al. have successfully synthesized amphiphilic multiarm star block
copolymer-based unimolecular for simultaneously cancer-targeted drug delivery
and MR imaging [124]. This copolymer-based unimolecular micelle, H40-PCL-b-
P(OEGMA-Gd-FA), was composed of the following parts: (a) core, a fourth-
generation hyperbranched polyester (Boltorn H40); (b) inner layer, a hydrophobic
poly(3-caprolactone) (PCL); and (c) hydrophilic outer corona, a hydrophilic
poly(oligo(-ethylene glycol) monomethyl ether methacrylate) (POEGMA) which
was conjugated with MRI contrast agent DOTA-Gd (Gd) and targeting group folic
acid (FA). Anticancer drug paclitaxel was encapsulated within the hydrophobic core
and achieved controlled release of up to 80 % loaded drug over ~120 h. In addition,
the employment of targeting moieties (FA) considerably enhanced in vitro cytotox-
icity with ~23 % of cell viability at a polymer concentration of 80 mg/mL, which
suggested improved anticancer efficacy. From the results of in vitro MRI experi-
ments, it indicated that the value of T1 relaxivity (18.14 s~! my!) in unimolecular
micelles group was much higher than that in the small-molecule counterpart
(3.12 s7' my™!). Furthermore, in vivo MR imaging experiments in rats revealed
markedly positive contrast enhancement, and relatively long blood circulation,
demonstrating this copolymer-based unimolecular micelle could serve as a potential
theranostic system for cancer. More recently, another good example employing
dendritic polymer as a potential theranostic has been reported by Ardana et al. They
synthesized functional hyperbranched polymers (HBPs), which contained an imag-
ing modality (*°F MRI) and carried therapeutic genes at the same time [125]. The
in-depth analyses of the molecular structure, including 1D and 2D NMR and UV/
vis, were performed to explore whether the diagnostic and therapeutic agents were
complementary and played their respective roles. The optimized routes for conjuga-
tion of biomolecules utilizing the RAFT end group were also identified and did not
show significant effect on the molecular integrity.

In addition to gadolinium(IIl) chelate-based nanoscale systems, superparamag-
netic nanomaterials, such as ZnFe,0,, NiFe,0,, MnFe,0,, CoFe,0,, and Fe;0,,
have been reported as a kind of important magnetic materials with zero coercive
force, residual magnetism, and high saturation magnetization. Multifunctional
superparamagnetic nanoparticles, owing to their biocompatibility, can also be
applied in the therapy of cancers, such as drug delivery, gene delivery, PDT, and
PTT, which have attracted ever-increasing attention due to their unique physical
characteristics and the capability of targeting cancer. Kim et al. reported iron oxide-
based magnetically targeted drug delivery, whereas the biodegradable PLGA poly-
mer was employed to encapsulate the inorganic nanoparticles and drug DOX. The
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synergetic targeting efficiency was enhanced via the magnetic guiding of the
inorganic-organic hybrid [126].

Among the superparamagnetic nanomaterials, the monodisperse magnetic
nanoparticles, such as superparamagnetic iron oxide (SPIO), have been employed
for the cancer theranostics [127-129]. Dendritic polymers, such as dendrimers and
dendrons, have been utilized to functionalize the SPIO to improve the hydrophilic
and biocompatibility [130-132]. Two strategies, including encapsulation and sur-
face modification, were employed to synthesize dendritic polymer/SPIO nanopar-
ticle hybrids for cancer diagnosis and therapy. Firstly, the unique structural feature
of dendritic polymers, such as the cavity, allows them to be employed as templates
to encapsulate or assemble SPIO, giving various water-soluble nanoscale vehicles.
Additionally, the rich surface chemistry of the dendrimers or dendrons provides
possibility to carry out surface functionalization with tumor-targeting moieties and
hydrophilic polymers, such as PEG, resulting in nanosystems with good colloidal
stability [133, 134]. It is notable that the nanosystems can load not only SPIO but
also the anticancer drugs, giving novel theranostic nanosytems for cancer treatment.
Secondly, tunable surface chemistry of SPIO allows their surface modification via
conjugation chemistry [135, 136]. After conjugation, the dendronized nanoparticles
are stable in water and can be further employed as imaging probes, drug/gene deliv-
ery vehicles, or theranostic nanocarriers [132, 137, 138].

9.6 Conclusion

In this chapter, we have highlighted the typical dendritic polymer-based nanosys-
tems with multifunctional structures and components for tumor diagnosis and ther-
apy guided by imaging. Dendritic polymers have showed several advantages over
conventional polymers, including the fact that they are well-defined molecules and
have controlled nanoscale size and flexible chemistry. The advantages allow these
nanostructures to be used as ideal vehicles for both passive and active-targeting
drug delivery and as diagnostic agents for cancer treatments. Dendritic polymer-
based nanosystems have achieved a number of encouraging applications, and some
are in the final stages of human clinical testing in the US FDA approval process
[139, 140]. It is notable that dendritic polymer-based theranostic nanoystems for
tumor-targeting theranosis have provided multifunctions through the combination
of the diagnosis and therapy into one scaffold and one dosage, enabling the monitor-
ing and adjustment of the therapy during the disease progression. Up to today, den-
dritic polymer-based theranostic nanoystems can directly reflect the therapeutic
outcomes and the behaviors of the nanosystems in vivo, such as biodegradability,
biodistribution, and accumulation in tumors. However, the studies of the dendritic
polymer-based nanosystems for tumor diagnosis, therapy, and targeting theranostic
are still in its infancy and nanosystems have yet to be clinically used in the world.
Due to some inherent problems, such as the vulnerability and stability issues, bio-
degradability and biosafety during scale-up production have not been addressed.
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Much effort is required for systematic research of the safety issue, efficiency of drug
delivery, and diagnosis before these theranostic nanosystems reach the clinical tri-
als, which can be achieved via optimizing the dendritic structures. Overall, the mul-
tifunctional dendritic polymer-based nanosystems have the potential to be developed
a general platform for cancer therapy guided by imaging.

References

10.

11.

12.

13.

15

16.

18.

. Aggarwal P, Hall JB, McLeland CB, Dobrovolskaia MA, McNeil SE (2009) Nanoparticle

interaction with plasma proteins as it relates to particle biodistribution, biocompatibility and
therapeutic efficacy. Adv Drug Deliv Rev 61:428-437

. Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R (2007) Nanocarriers as an

emerging platform for cancer therapy. Nat Nanotechnol 2:751-760

. Cho K, Wang X, Nie S, Shin DM (2008) Therapeutic nanoparticles for drug delivery in can-

cer. Clin Cancer Res 14:1310-1316

. Yang Y, Pan D, Luo K, Li L, Gu Z (2013) Biodegradable and amphiphilic block copolymer—

doxorubicin conjugate as polymeric nanoscale drug delivery vehicle for breast cancer ther-
apy. Biomaterials 34:8430-8443

. Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE (2001) Biodegradable poly-

meric nanoparticles as drug delivery devices. J Control Release 70:1-20

. Kroon J, Metselaar JM, Storm G, van der Pluijm G (2014) Liposomal nanomedicines in the

treatment of prostate cancer. Cancer Treat Rev 40:578-584

. Huang X, Jain PK, El-Sayed IH, El-Sayed MA (2007) Gold nanoparticles: interesting optical

properties and recent applications in cancer diagnostics and therapy. Futur Med 2:681-693

. Kam NWS, O’Connell M, Wisdom JA, Dai H (2005) Carbon nanotubes as multifunctional

biological transporters and near-infrared agents for selective cancer cell destruction. Proc
Natl Acad Sci U S A 102:11600-11605

. Gao X, Cui Y, Levenson RM, Chung LW, Nie S (2004) In vivo cancer targeting and imaging

with semiconductor quantum dots. Nat Biotechnol 22:969-976

Vicent MJ, Greco F, Nicholson RI, Paul A, Griffiths PC, Duncan R (2005) Polymer therapeu-
tics designed for a combination therapy of hormone-dependent cancer. Angew Chem
117:4129-4134

Li C, Yu D-F, Newman RA, Cabral F, Stephens LC, Hunter N, Milas L, Wallace S (1998)
Complete regression of well-established tumors using a novel water-soluble poly (L-glutamic
acid)-paclitaxel conjugate. Cancer Res 58:2404-2409

Hreczuk-Hirst D, Chicco D, German L, Duncan R (2001) Dextrins as potential carriers for
drug targeting: tailored rates of dextrin degradation by introduction of pendant groups. Int
J Pharm 230:57-66

Duncan R (2006) Polymer conjugates as anticancer nanomedicines. Nat Rev Cancer
6:688-701

. Gillies ER, Frechet JM (2005) Dendrimers and dendritic polymers in drug delivery. Drug

Discov Today 10:35-43

. Patri AK, Majoros 1J, Baker JR (2002) Dendritic polymer macromolecular carriers for drug

delivery. Curr Opin Chem Biol 6:466-471
Liu M, Fréchet IM (1999) Designing dendrimers for drug delivery. Pharm Sci Technol Today
2:393-401

. Tomalia D, Reyna L, Svenson S (2007) Dendrimers as multi-purpose nanodevices for oncol-

ogy drug delivery and diagnostic imaging. Biochem Soc Trans 35:61
Svenson S (2009) Dendrimers as versatile platform in drug delivery applications. Eur J Pharm
Biopharm 71:445-462



9 Functional Dendritic Polymer-Based Nanoscale Vehicles for Imaging-Guided... 293

19.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Berna M, Dalzoppo D, Pasut G, Manunta M, Izzo L, Jones AT, Duncan R, Veronese FM
(2006) Novel monodisperse PEG-dendrons as new tools for targeted drug delivery: synthesis,
characterization and cellular uptake. Biomacromolecules 7:146—153

She W, Li N, Luo K, Guo C, Wang G, Geng Y, Gu Z (2013) Dendronized heparin — doxoru-
bicin conjugate based nanoparticle as pH-responsive drug delivery system for cancer therapy.
Biomaterials 34:2252-2264

Mo B, Liu H, Zhou X, Zhao Y (2015) Facile synthesis of photolabile dendritic-unit-bridged
hyperbranched graft copolymers for stimuli-triggered topological transition and controlled
release of Nile red. Polym Chem 6:3489-3501

Liu J, Pang Y, Huang W, Zhu X, Zhou Y, Yan D (2010) Self-assembly of phospholipid-
analogous hyperbranched polymers nanomicelles for drug delivery. Biomaterials
31:1334-1341

Paleos CM, Tsiourvas D, Sideratou Z, Tziveleka L-A (2010) Drug delivery using multifunc-
tional dendrimers and hyperbranched polymers. Expert Opin Drug Deliv 7:1387-1398
Fischer M, Vogtle F (1999) Dendrimers: from design to application—a progress report.
Angew Chem Int Ed 38:884-905

Bosman A, Janssen H, Meijer E (1999) About dendrimers: structure, physical properties, and
applications. Chem Rev 99:1665-1688

Tomalia D, Baker H, Dewald J, Hall M, Kallos G, Martin S, Roeck J, Ryder J, Smith P (1985)
A new class of polymers: starburst-dendritic macromolecules. Polym J 17:117-132

. Esfand R, Tomalia DA (2001) Poly(amidoamine)(PAMAM) dendrimers: from biomimicry to

drug delivery and biomedical applications. Drug Discov Today 6:427—436

Darbre T, Reymond J-L (2006) Peptide dendrimers as artificial enzymes, receptors, and drug-
delivery agents. Acc Chem Res 39:925-934

Kobayashi H, Brechbiel MW (2005) Nano-sized MRI contrast agents with dendrimer cores.
Adv Drug Deliv Rev 57:2271-2286

Konda SD, Aref M, Wang S, Brechbiel M, Wiener EC (2001) Specific targeting of folate—
dendrimer MRI contrast agents to the high affinity folate receptor expressed in ovarian tumor
xenografts. Magn Reson Mater Phys Biol Med 12:104-113

Kobayashi H, Brechbiel MW (2004) Dendrimer-based nanosized MRI contrast agents. Curr
Pharm Biotechnol 5:539-549

Patri AK, Kukowska-Latallo JF, Baker JR Jr (2005) Targeted drug delivery with dendrimers:
comparison of the release kinetics of covalently conjugated drug and non-covalent drug
inclusion complex. Adv Drug Deliv Rev 57:2203-2214

Tang MX, Redemann CT, Szoka FC (1996) In vitro gene delivery by degraded polyamido-
amine dendrimers. Bioconjug Chem 7:703-714

Dufes C, Uchegbu IF, Schitzlein AG (2005) Dendrimers in gene delivery. Adv Drug Deliv
Rev 57:2177-2202

Kolhe P, Khandare J, Pillai O, Kannan S, Lieh-Lai M, Kannan RM (2006) Preparation, cel-
lular transport, and activity of polyamidoamine-based dendritic nanodevices with a high drug
payload. Biomaterials 27:660—669

Han L, Huang R, Li J, Liu S, Huang S, Jiang C (2011) Plasmid pORF-hTRAIL and doxoru-
bicin co-delivery targeting to tumor using peptide-conjugated polyamidoamine dendrimer.
Biomaterials 32:1242-1252

HuJ, SuY, Zhang H, Xu T, Cheng Y (2011) Design of interior-functionalized fully acetylated
dendrimers for anticancer drug delivery. Biomaterials 32:9950-9959

D’Emanuele A, Attwood D (2005) Dendrimer—drug interactions. Adv Drug Deliv Rev
57:2147-2162

Kannan RM, Nance E, Kannan S, Tomalia DA (2014) Emerging concepts in dendrimer-based
nanomedicine: from design principles to clinical applications. J Intern Med 276:579-617
Shah ND, Parekh HS, Steptoe RJ (2014) Asymmetric peptide dendrimers are effective linkers
for antibody-mediated delivery of diverse payloads to B cells in vitro and in vivo. Pharm Res
31:3150-3160



294

41

42.

43.

4.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Y. Zhang et al.

. Medina SH, El-Sayed ME (2009) Dendrimers as carriers for delivery of chemotherapeutic
agents. Chem Rev 109:3141

Khandare JJ, Jayant S, Singh A, Chandna P, Wang Y, Vorsa N, Minko T (2006) Dendrimer
versus linear conjugate: influence of polymeric architecture on the delivery and anticancer
effect of paclitaxel. Bioconjug Chem 17:1464—1472

Kopecek J, Kopeckovd P, Minko T, Lu Z-R, Peterson C (2001) Water soluble polymers in
tumor targeted delivery. J Control Release 74:147-158

Kopecek J, Kopeckova P, Minko T, Lu Z-R (2000) HPMA copolymer—anticancer drug con-
jugates: design, activity, and mechanism of action. Eur J Pharm Biopharm 50:61-81

Tekade RK, Kumar PV, Jain NK (2008) Dendrimers in oncology: an expanding horizon.
Chem Rev 109:49-87

Picard FJ, Bergeron MG (2002) Rapid molecular theranostics in infectious diseases. Drug
Discov Today 7:1092-1101

Baum RP, Kulkarni HR (2012) Theranostics: from molecular imaging using Ga-68 labeled
tracers and PET/CT to personalized radionuclide therapy-the Bad Berka experience.
Theranostics 2:437

Mashal A, Sitharaman B, Li X, Avti PK, Sahakian AV, Booske JH, Hagness SC (2010)
Toward carbon-nanotube-based theranostic agents for microwave detection and treatment of
breast cancer: enhanced dielectric and heating response of tissue-mimicking materials.
Biomed Eng IEEE Trans 57:1831-1834

Ho D, Sun X, Sun S (2011) Monodisperse magnetic nanoparticles for theranostic applica-
tions. Acc Chem Res 44:875-882

Singh SP (2011) Multifunctional magnetic quantum dots for cancer theranostics. J] Biomed
Nanotechnol 7:95-97

Lee JE, Lee N, Kim T, Kim J, Hyeon T (2011) Multifunctional mesoporous silica nanocom-
posite nanoparticles for theranostic applications. Acc Chem Res 44:893-902

Cheng S-H, Lee C-H, Yang C-S, Tseng F-G, Mou C-Y, Lo L-W (2009) Mesoporous silica
nanoparticles functionalized with an oxygen-sensing probe for cell photodynamic therapy:
potential cancer theranostics. J Mater Chem 19:1252-1257

Han X-J, Sun L-F, Nishiyama Y, Feng B, Michiue H, Seno M, Matsui H, Tomizawa K (2013)
Theranostic protein targeting ErbB2 for bioluminescence imaging and therapy for cancer.
PLoS One 8:¢75288

Al-Jamal WT, Kostarelos K (2011) Liposomes: from a clinically established drug delivery
system to a nanoparticle platform for theranostic nanomedicine. Acc Chem Res
44:1094-1104

Krasia-Christoforou T, Georgiou TK (2013) Polymeric theranostics: using polymer-based
systems for simultaneous imaging and therapy. J Mater Chem B 1:3002-3025

Khandare J, Calderén M, Dagia NM, Haag R (2012) Multifunctional dendritic polymers in
nanomedicine: opportunities and challenges. Chem Soc Rev 41:2824-2848

Calderén M, Quadir MA, Strumia M, Haag R (2010) Functional dendritic polymer architec-
tures as stimuli-responsive nanocarriers. Biochimie 92:1242-1251

Quadir MA, Haag R (2012) Biofunctional nanosystems based on dendritic polymers.
J Control Release 161:484-495

Dong R, Zhou Y, Zhu X (2014) Supramolecular dendritic polymers: from synthesis to appli-
cations. Acc Chem Res 47:2006-2016

Tomalia DA, Christensen JB, Boas U (2012) Dendrimers, dendrons, and dendritic polymers:
discovery, applications, and the future. Cambridge University Press, New York

Almutairi A, Rossin R, Shokeen M, Hagooly A, Ananth A, Capoccia B, Guillaudeu S,
Abendschein D, Anderson CJ, Welch MJ (2009) Biodegradable dendritic positron-emitting
nanoprobes for the noninvasive imaging of angiogenesis. Proc Natl Acad Sci 106:685-690
Almutairi A, Guillaudeu SJ, Berezin MY, Achilefu S, Fréchet JM (2008) Biodegradable pH-
sensing dendritic nanoprobes for near-infrared fluorescence lifetime and intensity imaging.
J Am Chem Soc 130:444-445



9 Functional Dendritic Polymer-Based Nanoscale Vehicles for Imaging-Guided... 295

63

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

. Menjoge AR, Kannan RM, Tomalia DA (2010) Dendrimer-based drug and imaging conju-
gates: design considerations for nanomedical applications. Drug Discov Today 15:171-185
Reichert S, Calderén M, Licha K, Haag R (2012) Multivalent dendritic architectures for
theranostics. In: Swami A, Shi J, Gadde S, Votruba AR, Kolishetti N, Farokhzad O (eds)
Multifunctional nanoparticles for drug delivery applications. Springer, New York,
pp 315-344

Luo K, Liu G, He B, Wu Y, Gong Q, Song B, Ai H, Gu Z (2011) Multifunctional gadolinium-
based dendritic macromolecules as liver targeting imaging probes. Biomaterials
32:2575-2585

Luo K, Liu G, Zhang X, She W, He B, Nie Y, Li L, Wu Y, Zhang Z, Gong Q (2009) Functional
L-lysine dendritic macromolecules as liver-imaging probes. Macromol Biosci 9:1227-1236
Luo K, Li C, Wang G, Nie Y, He B, Wu Y, Gu Z (2011) Peptide dendrimers as efficient and
biocompatible gene delivery vectors: synthesis and in vitro characterization. J Control
Release 155:77-87

Luo K, Li C, Li L, She W, Wang G, Gu Z (2012) Arginine functionalized peptide dendrimers
as potential gene delivery vehicles. Biomaterials 33:4917-4927

Luo K, Liu G, She W, Wang Q, Wang G, He B, Ai H, Gong Q, Song B, Gu Z (2011)
Gadolinium-labeled peptide dendrimers with controlled structures as potential magnetic
resonance imaging contrast agents. Biomaterials 32:7951-7960

Jain K, Kesharwani P, Gupta U, Jain N (2010) Dendrimer toxicity: let’s meet the challenge.
Int J Pharm 394:122-142

. Duncan R, Izzo L (2005) Dendrimer biocompatibility and toxicity. Adv Drug Deliv Rev
57:2215-2237

Chen H-T, Neerman MF, Parrish AR, Simanek EE (2004) Cytotoxicity, hemolysis, and acute
in vivo toxicity of dendrimers based on melamine, candidate vehicles for drug delivery. J Am
Chem Soc 126:10044-10048

Kojima C, Kono K, Maruyama K, Takagishi T (2000) Synthesis of polyamidoamine den-
drimers having poly (ethylene glycol) grafts and their ability to encapsulate anticancer drugs.
Bioconjug Chem 11:910-917

Margerum LD, Campion BK, Koo M, Shargill N, Lai J-J, Marumoto A, Sontum PC (1997)
Gadolinium(IIT) DO3A macrocycles and polyethylene glycol coupled to dendrimers effect of
molecular weight on physical and biological properties of macromolecular magnetic reso-
nance imaging contrast agents. J Alloys Compd 249:185-190

Boyd BJ, Kaminskas LM, Karellas P, Krippner G, Lessene R, Porter CJ (2006) Cationic poly-
L-lysine dendrimers: pharmacokinetics, biodistribution, and evidence for metabolism and
bioresorption after intravenous administration to rats. Mol Pharm 3:614-627

Dong Y, Gunning P, Cao H, Mathew A, Newland B, Saeced AO, Magnusson JP, Alexander C,
Tai H, Pandit A (2010) Dual stimuli responsive PEG based hyperbranched polymers. Polym
Chem 1:827-830

Dong Y, Saeed AO, Hassan W, Keigher C, Zheng Y, Tai H, Pandit A, Wang W (2012) “One-
step” preparation of thiol-Ene clickable PEG-based thermoresponsive hyperbranched copo-
lymer for in situ crosslinking hybrid hydrogel. Macromol Rapid Commun 33:120-126

Liu B, Kazlauciunas A, Guthrie JT, Perrier S (2005) One-pot hyperbranched polymer synthe-
sis mediated by reversible addition fragmentation chain transfer (RAFT) polymerization.
Macromolecules 38:2131-2136

Zargar A, Chang K, Taite LJ, Schork FJ (2011) Mathematical modeling of hyperbranched
water-soluble polymers with applications in drug delivery. Macromol React Eng 5:373-384
Sonvico F, Mornet S, Vasseur S, Dubernet C, Jaillard D, Degrouard J, Hoebeke J, Duguet E,
Colombo P, Couvreur P (2005) Folate-conjugated iron oxide nanoparticles for solid tumor
targeting as potential specific magnetic hyperthermia mediators: synthesis, physicochemical
characterization, and in vitro experiments. Bioconjug Chem 16:1181-1188

Frauenrath H (2005) Dendronized polymers-building a new bridge from molecules to nano-
scopic objects. Prog Polym Sci 30:325-384



296

82

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Y. Zhang et al.

. Schliiter AD, Rabe JP (2000) Dendronized polymers: synthesis, characterization, assembly at
interfaces, and manipulation. Angew Chem Int Ed 39:864-883

Gao M, Jia X, Kuang G, LiY, Liang D, Wei Y (2009) Thermo-and pH-responsive dendronized
copolymers of styrene and maleic anhydride pendant with poly (amidoamine) dendrons as
side groups. Macromolecules 42:4273-4281

Laurent BA, Grayson SM (2011) Synthesis of cyclic dendronized polymers via divergent
“graft-from” and convergent click “graft-to” routes: preparation of modular toroidal macro-
molecules. J Am Chem Soc 133:13421-13429

Rudick JG, Percec V (2008) Induced helical backbone conformations of self-organizable
dendronized polymers. Acc Chem Res 41:1641-1652

Percec V, Rudick JG, Peterca M, Heiney PA (2008) Nanomechanical function from self-
organizable dendronized helical polyphenylacetylenes. J Am Chem Soc 130:7503-7508

Bai L, Li W, Chen J, Bo F, Gao B, Liu H, Li J, Wu Y, Ba X (2013) Water-soluble fluorescent
probes based on dendronized polyfluorenes for cell imaging. Macromol Rapid Commun
34:539-547

Wen S, Li K, Cai H, Chen Q, Shen M, Huang Y, Peng C, Hou W, Zhu M, Zhang G (2013)
Multifunctional dendrimer-entrapped gold nanoparticles for dual mode CT/MR imaging
applications. Biomaterials 34:1570-1580

Chen Q, Wang H, Liu H, Wen S, Peng C, Shen M, Zhang G, Shi X (2015) Multifunctional
dendrimer-entrapped gold nanoparticles modified with RGD peptide for targeted computed
tomography/magnetic resonance dual-modal imaging of tumors. Anal Chem 87:3949-3956
Rolfe BE, Blakey I, Squires O, Peng H, Boase NR, Alexander C, Parsons PG, Boyle GM,
Whittaker AK, Thurecht KJ (2014) Multimodal polymer nanoparticles with combined 19F
magnetic resonance and optical detection for tunable, targeted, multimodal imaging in vivo.
J Am Chem Soc 136:2413-2419

Ye L, Letchford K, Heller M, Liggins R, Guan D, Kizhakkedathu JN, Brooks DE, Jackson
JK, Burt HM (2010) Synthesis and characterization of carboxylic acid conjugated, hydropho-
bically derivatized, hyperbranched polyglycerols as nanoparticulate drug carriers for cispla-
tin. Biomacromolecules 12:145-155

Zou J, Shi W, Wang J, Bo J (2005) Encapsulation and controlled release of a hydrophobic
drug using a novel nanoparticle-forming hyperbranched polyester. Macromol Biosci
5:662-668

Radowski MR, Shukla A, von Berlepsch H, Bottcher C, Pickaert G, Rehage H, Haag R
(2007) Supramolecular aggregates of dendritic multishell architectures as universal nanocar-
riers. Angew Chem Int Ed 46:1265-1269

Li N, Li N, Yi Q, Luo K, Guo C, Pan D, Gu Z (2014) Amphiphilic peptide dendritic
copolymer-doxorubicin nanoscale conjugate self-assembled to enzyme-responsive anti-
cancer agent. Biomaterials 35:9529-9545

Malik N, Evagorou EG, Duncan R (1999) Dendrimer-platinate: a novel approach to cancer
chemotherapy. Anticancer Drugs 10:767-776

Pan D, Guo C, Luo K, Yi Q, Gu Z (2014) PEGylated dendritic diaminocyclohexyl-platinum
(II) conjugates as pH-responsive drug delivery vehicles with enhanced tumor accumulation
and antitumor efficacy. Biomaterials 35:10080-10092

Park JW, Jeon OC, Kim SK, Al-Hilal TA, Jin SJ, Moon HT, Yang VC, Kim SY, Byun Y
(2010) High antiangiogenic and low anticoagulant efficacy of orally active low molecular
weight heparin derivatives. J Control Release 148:317-326

Tang DW, Yu SH, Ho YC, Mi FL, Kuo PL, Sung HW (2010) Heparinized chitosan/poly(y-
glutamic acid) nanoparticles for multi-functional delivery of fibroblast growth factor and
heparin. Biomaterials 31:9320-9332

Ornelas C, Pennell R, Liebes LF, Weck M (2011) Construction of a well-defined multifunc-
tional dendrimer for theranostics. Org Lett 13:976-979



9 Functional Dendritic Polymer-Based Nanoscale Vehicles for Imaging-Guided... 297

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Quan Q, Xie J, Gao H, Yang M, Zhang F, Liu G, Lin X, Wang A, Eden HS, Lee S (2011) HSA
coated iron oxide nanoparticles as drug delivery vehicles for cancer therapy. Mol Pharm
8:1669-1676

Chen J, Yang M, Zhang Q, Cho EC, Cobley CM, Kim C, Glaus C, Wang LV, Welch MJ, Xia
Y (2010) Gold nanocages: a novel class of multifunctional nanomaterials for theranostic
applications. Adv Funct Mater 20:3684-3694

XiaY, Li W, Cobley CM, Chen J, Xia X, Zhang Q, Yang M, Cho EC, Brown PK (2011) Gold
nanocages: from synthesis to theranostic applications. Acc Chem Res 44:914-924

Liu Z, Liang X-J (2012) Nano-carbons as theranostics. Theranostics 2:235-237

Sheng Z, Song L, Zheng J, Hu D, He M, Zheng M, Gao G, Gong P, Zhang P, Ma 'Y (2013)
Protein-assisted fabrication of nano-reduced graphene oxide for combined in vivo photo-
acoustic imaging and photothermal therapy. Biomaterials 34:5236-5243

Chen X, Gambhir SS, Cheon J (2011) Theranostic nanomedicine. Acc Chem Res
44:841-841

Kolhe P, Misra E, Kannan RM, Kannan S, Lieh-Lai M (2003) Drug complexation, in vitro
release and cellular entry of dendrimers and hyperbranched polymers. Int J Pharm
259:143-160

Backer MV, Gaynutdinov TI, Patel V, Bandyopadhyaya AK, Thirumamagal B, Tjarks W,
Barth RF, Claffey K, Backer JM (2005) Vascular endothelial growth factor selectively targets
boronated dendrimers to tumor vasculature. Mol Cancer Ther 4:1423-1429

Majoros 1J, Myc A, Thomas T, Mehta CB, Baker JR (2006) PAMAM dendrimer-based mul-
tifunctional conjugate for cancer therapy: synthesis, characterization, and functionality.
Biomacromolecules 7:572-579

Yang W, Cheng Y, Xu T, Wang X (2009) Wen L-p: Targeting cancer cells with biotin—den-
drimer conjugates. Eur J Med Chem 44:862-868

Choi Y, Thomas T, Kotlyar A, Islam MT, Baker JR Jr (2005) Synthesis and functional evalu-
ation of DNA-assembled polyamidoamine dendrimer clusters for cancer cell-specific target-
ing. Chem Biol 12:35-43

Zhu B, Han Y, Sun M, Bo Z (2007) Water-soluble dendronized polyfluorenes with an
extremely high quantum yield in water. Macromolecules 40:4494-4500

Wang G, Pu K-Y, Zhang X, Li K, Wang L, Cai L, Ding D, Lai Y-H, Liu B (2011) Star-shaped
glycosylated conjugated oligomer for two-photon fluorescence imaging of live cells. Chem
Mater 23:4428-4434

Santra S, Kaittanis C, Perez JM (2010) Cytochrome C encapsulating theranostic nanoparti-
cles: a novel bifunctional system for targeted delivery of therapeutic membrane-impermeable
proteins to tumors and imaging of cancer therapy. Mol Pharm 7:1209-1222

Zhang C, Pan D, Luo K, Li N, Guo C, Zheng X, Gu Z (2014) Dendrimer-doxorubicin conju-
gate as enzyme-sensitive and polymeric nanoscale drug delivery vehicle for ovarian cancer
therapy. Polym Chem 5:5227-5235

Zhang C, Pan D, Luo K, She W, Guo C, Yang Y, Gu Z (2014) Peptide dendrimer—doxorubicin
conjugate-based nanoparticle as an enzyme-responsive drug delivery system for cancer ther-
apy. Adv Healthc Mater 8:1299-1308

Chatterjee DK, Fong LS, Zhang Y (2008) Nanoparticles in photodynamic therapy: an emerg-
ing paradigm. Adv Drug Deliv Rev 60:1627-1637

Zhang Y, Lovell JF (2012) Porphyrins as theranostic agents from prehistoric to modern times.
Theranostics 2:905

Brasseur N, Brault D, Couvreur P (1991) Adsorption of hematoporphyrin onto polyalkylcya-
noacrylate nanoparticles: carrier capacity and drug release. Int J Pharm 70:129-135
Taratula O, Schumann C, Naleway MA, Pang AJ, Chon KJ, Taratula O (2013) A multifunc-
tional theranostic platform based on phthalocyanine-loaded dendrimer for image-guided drug
delivery and photodynamic therapy. Mol Pharm 10:3946-3958



298

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

Y. Zhang et al.

Ideta R, Tasaka F, Jang W-D, Nishiyama N, Zhang G-D, Harada A, Yanagi Y, Tamaki Y, Aida
T, Kataoka K (2005) Nanotechnology-based photodynamic therapy for neovascular disease
using a supramolecular nanocarrier loaded with a dendritic photosensitizer. Nano Lett
5:2426-2431

Kumar MS, Babu A, Murugesan R, Jeyasubramanian K (2012) Novel water soluble den-
drimer nanocarrier for enhanced photodynamic efficacy of protoporphyrin IX. Nano Biomed
Eng 4:132-138

Kojima C, Toi Y, Harada A, Kono K (2007) Preparation of poly (ethylene glycol)-attached
dendrimers encapsulating photosensitizers for application to photodynamic therapy.
Bioconjug Chem 18:663-670

Kono K, Nakashima S, Kokuryo D, Aoki I, Shimomoto H, Aoshima S, Maruyama K, Yuba E,
Kojima C, Harada A (2011) Multi-functional liposomes having temperature-triggered release
and magnetic resonance imaging for tumor-specific chemotherapy. Biomaterials
32:1387-1395

Li X, Qian Y, Liu T, Hu X, Zhang G, You Y, Liu S (2011) Amphiphilic multiarm star block
copolymer-based multifunctional unimolecular micelles for cancer targeted drug delivery
and MR imaging. Biomaterials 32:6595-6605

Ardana A, Whittaker AK, Thurecht KJ (2014) PEG-based hyperbranched polymer theranos-
tics: optimizing chemistries for improved bioconjugation. Macromolecules 47:5211-5219
Kim J, Lee JE, Lee SH, Yu JH, Lee JH, Park TG, Hyeon T (2008) Designed fabrication of a
multifunctional polymer nanomedical platform for simultaneous cancer-targeted imaging
and magnetically guided drug delivery. Adv Mater 20:478-483

Santhosh PB, Ulrih NP (2013) Multifunctional superparamagnetic iron oxide nanoparticles:
promising tools in cancer theranostics. Cancer Lett 336:8—17

Smejkalova D, Nesporova K, Huerta-Angeles G, Syrovitka J, Jirdk D, Gélisova A, Velebny
V (2014) Selective in vitro anticancer effect of superparamagnetic iron oxide nanoparticles
loaded in hyaluronan polymeric micelles. Biomacromolecules 15:4012-4020

Xie J, Jon S (2012) Magnetic nanoparticle-based theranostics. Theranostics 2:122—124
Martin AL, Bernas LM, Rutt BK, Foster PJ, Gillies ER (2008) Enhanced cell uptake of super-
paramagnetic iron oxide nanoparticles functionalized with dendritic guanidines. Bioconjug
Chem 19:2375-2384

Lamanna G, Kueny-Stotz M, Mamlouk-Chaouachi H, Ghobril C, Basly B, Bertin A, Miladi
I, Billotey C, Pourroy G, Begin-Colin S (2011) Dendronized iron oxide nanoparticles for
multimodal imaging. Biomaterials 32:8562-8573

Basly B, Felder-Flesch D, Perriat P, Pourroy G, Bégin-Colin S (2011) Properties and suspen-
sion stability of dendronized iron oxide nanoparticles for MRI applications. Contrast Media
Mol Imaging 6:132-138

Shen M, Shi X (2010) Dendrimer-based organic/inorganic hybrid nanoparticles in biomedi-
cal applications. Nanoscale 2:1596-1610

Canilho N, Kasémi E, Schliiter AD, Ruokolainen J, Mezzenga R (2007) Real space imaging
and molecular packing of dendronized polymer-lipid supramolecular complexes.
Macromolecules 40:7609-7616

Abu-Reziq R, Alper H, Wang D, Post ML (2006) Metal supported on dendronized magnetic
nanoparticles: highly selective hydroformylation catalysts. ] Am Chem Soc 128:5279-5282
Pan B-F, Gao F, Ao L-M (2005) Investigation of interactions between dendrimer-coated mag-
netite nanoparticles and bovine serum albumin. J Magn Magn Mater 293:252-258

Zhu R, Jiang W, Pu Y, Luo K, Wu Y, He B, Gu Z (2011) Functionalization of magnetic
nanoparticles with peptide dendrimers. J Mater Chem 21:5464-5474

Walter A, Billotey C, Garofalo A, Ulhag-Bouillet C, Lefevre C, Taleb J, Laurent S, Vander
Elst L, Muller RN, Lartigue L (2014) Mastering the shape and composition of dendronized
iron oxide nanoparticles to tailor magnetic resonance imaging and hyperthermia. Chem
Mater 26:5252-5264



9 Functional Dendritic Polymer-Based Nanoscale Vehicles for Imaging-Guided... 299

139. Jiang Y-H, Emau P, Cairns JS, Flanary L, Morton WR, McCarthy TD, Tsai C-C (2005)
SPL7013 gel as a topical microbicide for prevention of vaginal transmission of SHIV89. 6P
in macaques. AIDS Res Hum Retrovir 21:207-213

140. McCarthy TD, Karellas P, Henderson SA, Giannis M, O’Keefe DF, Heery G, Paull JR,
Matthews BR, Holan G (2005) Dendrimers as drugs: discovery and preclinical and clinical
development of dendrimer-based microbicides for HIV and STI prevention. Mol Pharm
2:312-318



Chapter 10
Multifunctional Liposomes
for Imaging-Guided Therapy

Xiuli Yue and Zhifei Dai

Abstract Liposomes has enjoyed an explosive development in nanomedicine due
to the exciting feature of easy combinations of diagnostic and/or therapeutic agents
into a single agent. A variety of multifunctional liposomes have been developed by
loading various therapeutic agents (e.g., radionuclides, doxorubicin, paclitaxel,
siRNA, DNA) and imaging contrast agents (e.g., radionuclides, quantum dots, Gd
complex, and Fe;O,). Each component would operate a different function, such as
molecular targeting, contrast-enhanced imaging (e.g., nuclear, fluorescence, mag-
netic resonance, CT, photoacoustic, and ultrasound), and therapy (e.g., chemother-
apy, photothermal therapy, photodynamic therapy, gene therapy, or combined
therapy). Moreover, the surface of liposomes can be easily modified with ligands for
targeting delivery to the diseased sites. In addition, the multimodality imaging func-
tionalization of therapeutic drug carrying liposomes is of particular interest for per-
sonalized monitoring of the in vivo tumor targeting and pharmacokinetics of
liposomal therapeutic agents, predicting therapy outcome, and gaining a better
understanding of the prognosis-associated disease status by combining the advanta-
geous information from each imaging modality. Therefore, multifunctional lipo-
somes can serve as a theranostic nanomedicine for noninvasive imaging diagnosis,
real-time imaging guidance, and remote-controlled therapeutics, especially
imaging-guided therapeutics, enabling personalized detection and treatment of dis-
eases with high efficacy. However, liposomes still have not attained their full poten-
tial because of insufficient stability. Recently, a hybrid liposomal cerasome with
high stability has been developed to overcome general problems associated with
current liposome technology. The present chapter first highlights some of the key
advances of theranostic liposomes for imaging-guided therapy as a tool in personal-
ized medicine.
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10.1 Introduction

The molecular and diagnostic imaging has attracted wide research interests in the
treatment planning of a variety of diseases and especially in cancer therapy [1-3].
Noninvasive diagnostic imaging techniques, such as magnetic resonance (MR),
computed tomography (CT), ultrasound (US), positron emission tomography
(PET), and single photon emission computed tomography (SPECT), serve as pow-
erful tools for clinical diagnosis, disease status monitoring, and treatment evalua-
tion. According to the tissue contrast or function mechanisms, each imaging
modality owns a specific sensitivity, spatiotemporal resolution relating to diseases,
and physiological or biological procedures [4-6]. Multimodal imaging modality
may combine their advantages and counterbalance the disadvantages of individual
imaging modalities so the employment of multimodal imaging technique opens a
new way to improve disease diagnosis and treatment evaluation [7]. Besides the
instrument innovation, multimodality imaging techniques require the development
of new imaging tracers and probes [8, 9].

The employment of a single platform integrating multiple contrast agents to
empower multimodal imaging of diseases and/or treatment response is advanta-
geous over a single functional contrast agent, as each contrast agent in the platform
may supply reciprocal information for the other imaging modalities. In recent years,
theranostics as a treatment integrating a diagnostic imaging tool for decision-
making in the consequently targeted therapy has recently drawn considerable atten-
tion [10]. One of the most exciting features of nanoparticle for the drug delivery
applications is the capability to increase the stability, and improve pharmacokinetics
and biodistribution of large amount of therapeutic and diagnostic agents, conducing
to more efficient drug administration or better therapeutic efficiency with reduced
side effects [11]. Accordingly, multifunctional nanoparticles can be excellent drug
delivery systems to achieve this aim, contributing to a more individualized cancer
treatment strategy by boosting effective drug delivery through imaging guidance
and treatment response monitoring [12]. Theranostic nanotechnologies can offer
unique characteristics and novel strategies to guide, evaluate, and personalize treat-
ment in real time [13].

Liposomes, unilamellar lipid bilayer nanoparticles with an aqueous core domain
which may entrap both lipophilic and hydrophilic species, have attracted consider-
able attention for controlled or targeted release of various drugs and diagnostic
agents due to their unique properties [14, 15]. Liposomes not only can accumulate
passively in cancerous tissues by infiltration across abnormal leaky tumor vascula-
ture called as the enhanced permeability and retention effect but also accumulate
actively in cancerous tissues by targeting tumor cell or targeting tumor angiogenic
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marker specifically. A variety of functional molecules can be easily entrapped in the
interior of liposomes, inserted in the liposomal bilayer, or coupled on the bilayer
membrane surface so liposomes can be fabricated to serve as a powerful platform
with the multimodal theranostic capability [16, 17].

Although lots of liposomal pharmaceuticals have received FDA approval for
clinical cancer therapy or are under trials, liposomes still have not attained their full
potential due to their insufficient morphological stability [18]. Depending on their
composition, the final liposome formulations may suffer from short shelf-lives
partly due to chemical and physical instability. The insufficient stability of the lipo-
somes could lead to their rapid clearance from circulation, often before reaching
their target. Grafting polyethylene glycol (PEG) onto liposomes has demonstrated
to reduce strongly the uptake by mononuclear phagocyte system (MPS), prolong
blood circulation, and thus improve distribution in perfused tissues [19]. Yet, the
liposomes containing PEGylated phospholipids may lead to skin toxicity generally
known as “hand-foot syndrome” [20, 21]. In addition, the presence of PEG large
molecules on the liposomal surface may reduce the interactions of liposomes with
cells and hinder entry of liposomes into the tumor tissue.

Recently, a type of organic-inorganic nanohybrid cerasome was developed
through a combination of sol-gel reactions and self-assembly of molecularly
designed lipidic organoalkoxysilane to form liposomal bilayer structure covering an
atomic layer of inorganic polyorganosiloxane networks on its surface [22]. The
siloxane surface adds remarkably high mechanical stability and heat resistance
compared with conventional liposome, providing a simple and widely applicable
tool to overcome general problems associated with current liposome technology. As
a new drug delivery system, its unique advantages give wide applicability to the
cerasomes in roles as gene carriers [23], drug delivery systems [24], and other bio-
medical applications.

10.2 Liposome Properties in Theranostic Design

10.2.1 Design of Passively Targeting Theranostic Liposomes

Due to rapid and uncontrollable tumor growth with a contributive effect from the
inflammation condition within the tissue, cancerous tissues have been proved to be
leaky blood vessels with gaps up to 700 nm between the endothelial cell layers,
forcing nanoparticles out of blood vessels into the extracellular space within the
diseased tissue [25, 26]. Such effect is called as the enhanced permeability and
retention (EPR) effect [4]. The nontargeted or passive tumor targeting is often
attributed to the EPR effect. Liposomes with the diameter hundred times less than
red blood cells is able to infiltrate through fenestrated cellular barriers because of
the insufficient lymphatic drainage in cancerous tissue and the pressure difference
between the blood stream and the interstitial space [26]. Significant heterogeneity in
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the EPR-based accumulation has been observed in different types of cancers. The
EPR effect is evaluated to be strong in Kaposi’s sarcoma and weak in lung, breast,
and colon cancer. Nevertheless, more investigations on the EPR effect are required
to wholly identify the heterogeneity within tumor accumulation in various cancers.

In order to control biodistribution of liposome to reach a high extent of cancerous
accumulation, it is essential to take account of several essential issues on the design
and preparation of passively targeted liposomes, such as lipid composition, content
of cholesterol and PEG-lipid, surface chemistry characteristics, particle diameter,
and shape. One of the most effective attempts was to manipulate chemical composi-
tion of lipid membrane in order for the modification of bilayer fluidity. Cholesterol
is usually introduced into the lipid bilayer membrane to prevent encapsulated drugs
leaking during systemic circulation and reduce blood protein adsorption. Damen
et al. reported that introduced cholesterol may cause increased phospholipids pack-
ing in the lipid bilayer, leading to a reduction of phospholipids transfer to HDL [27].
Senior et al. showed that liposomes obtained from phosphatidylcholine (PC) with
saturated fatty acyl chains or from sphingomyelin are more stable in the blood than
liposomes prepared from PC with unsaturated fatty acyl chains [28]. In most clini-
cal investigations, more than 30 mol% cholesterol was used to prepare radiolabeled
liposomes for cancer imaging. While designing a drug delivery system, it is required
to achieve triggered drug release from liposomes or passive diffusion at the target
area in order to achieve a therapeutic effect. On the contrary, the radionuclide leak-
age during systemic circulation may conduce to misinterpret biodistribution of lipo-
somes so it is strongly required to entirely retain the loaded radionuclide inside
liposomes for diagnostic imaging applications.

Physical and chemical stability of liposome formulations can be improved
greatly by optimizing the size distribution, pH and ionic strength, as well as the
addition of antioxidants and chelating agents. However, biological stability of lipo-
somes depends on the presence of agents that interact with liposomes upon applica-
tion to the subject. Upon intravenous injection, liposomes can be quickly captured
by the MPS and eliminated during blood circulation [29]. The main limitation to
employ liposomes as drug delivery systems is effective uptake of liposomes by the
macrophages and the subsequent removal from blood circulation when the target
sites are beyond the MPS. The MPS can distinguish the liposomes themselves but
distinguish selected serum proteins (opsonins). Binding of opsonins on the surface
of the liposomes results in removal of liposomes during blood circulation, in par-
ticular for non-PEGylated liposomes [30]. Because the spleen and liver have high
concentration of macrophages which are from the bone marrow and hepatocytes,
the spleen and liver are mainly responsible for liposome clearance in blood [31, 32].
Moreover, liposomes may interact with some high-density lipoproteins (HDL) and
low-density lipoproteins (LDL) lipoproteins in the blood. Such interaction can
include enzymatic hydrolysis and lipid exchange, eventually resulting in liposome
disintegration and the fast release of the loaded drug into the plasma [33]. The
physicochemical properties of liposomes (e.g., particle size, net surface charge, flu-
idity, hydrophobicity, and packing of the lipid bilayers) have effect on the type of
proteins binding to them [34, 35]. Problems with the colloidal instability of lipo-
somes can be resolved simply by increasing the charge on the liposomes and/or
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decreasing the ionic strength of the medium. Additionally, the presence of inert
surface groups also reduces liposome interactions with macromolecules and thus
stabilizes these particles.

Surface modification of liposomes with PEG and other hydrophilic polymers
may reduce interaction between liposome and RES and lipoproteins, leading to an
increase of the liposome half-life time in blood [36]. The first strategy studied was
the preparation of liposomes mimicking the erythrocyte membrane by modifying
liposome surface with gangliosides and sialic acid derivatives, such as monosialo-
ganglioside (GM1) [37]. Unlike GM 1, molecular weight and structure of PEG mol-
ecules may be easily adapted specifically. Surface modification of liposomes with
PEG can be achieved by physically adsorbing the polymer onto the surface of the
vesicles, by incorporating the PEG-lipid conjugate during liposome preparation, or
by covalently attaching reactive groups onto the surface of preformed liposomes.
The lifetime in blood circulation can more or less be modulated by altering the
PEGylation degree of liposomes. Usually, the higher PEGylation degree of lipo-
somes leads to longer blood circulation half-life, hence higher infiltration into the
cancerous tissue [38]. It can be helpful to drug delivery functions, but it is not opti-
mum for the radiolabeled liposomes to be used as diagnostic imaging contrast
agents. In such situation, clearance of background signal of the diagnostic lipo-
somes from the blood can lead to general improvement of imaging quality. In order
to optimize images and reduce the background signal from the blood, a compromise
should be reached between circulation time and cancerous accumulation.

The size of liposomes has an effect on the drug-loading content, stability, and
capability. It was found that loading efficiency of liposomes increases with increas-
ing size, while the liposome stability decreases with increasing size above an opti-
mal 80-200 nm range and ability to extravasate decreases with increasing size. So,
its size range is a compromise. The administered liposome dose can have an effect
on opsonization, biodistribution, and RES clearance to some extent. In addition, the
particle size of liposomes is a key factor for in vivo applications to prevent opso-
nization and RES recognition. Compared with smaller liposomes of similar compo-
sitions, larger liposomes can be rapidly removed from the blood circulation [39].
Smaller liposomes own a longer half-life time than larger liposomes (500-5,000 nm).
It indicates that phagocytes can recognize the difference in the sizes between for-
eign particles. A few strategies have been introduced to adapt liposome size and
charge in order to reduce MPS uptake. Nevertheless, the clearance rates of
PEGylated liposomes are comparatively callous to the particle size ranging from 50
to 250 nm [37, 39].

10.2.2 Design of Actively Targeting Theranostic Liposomes

Despite the passive targeting via EPR effect, an active tumor targeting has been sug-
gested to further boost cancerous accumulation and cellular uptake of liposomes
[4]. By modifying the liposome surface using targeting ligands to overexpressed
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receptors on cancer cells or extremely expressed biomarkers on the endothelium of
tumorous vasculature, the tumor targeting of liposomes can be potentially improved
[40]. A variety of targeting ligands have been used for the surface modification of
liposomes, such as monoclonal antibodies, antibody fragments, aptamers, peptides,
folic acid, and carbohydrates [41]. So far, active targeting methodologies of tumor
cells and tissues have used targeting ligands for lots of receptors, e.g., folate, integ-
rin, transferrin, somatostatin, epidermal growth factor (EGFR), membrane matrix
metalloprotease, vasoactive intestinal peptide receptors (VIP-R), and nucleosome-
specific monoclonal antibody 2C5. After intravenous injection of 2C5-modified
n-labeled liposomes into tumor-bearing mice, biodistribution was visualized
through gamma-imaging studies [42]. It was clearly shown by the data and images
that high tumor accumulation was achieved by using 2C5-modified "'In-labeled
liposomes in comparison with nontargeted controls (Fig. 10.1) [43]. By using
PEGylated *Cu-liposomes outfitted with octreotate (TATE) which can actively tar-
get the overexpressed receptors on neuroendocrine tumors, PET imaging exhibited
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Fig. 10.1 Whole body imaging of Lewis lung carcinoma tumor-bearing mice at different time
points after the injection of "'In-labeled PEGylated liposomes. Upper row, 2C5-modified lipo-
somes; bottom row, control unmodified liposome. Arrows indicate tumor locations. Notice the
much faster accumulation of antibody-targeted liposomes in the tumor (Reprinted with the permis-
sion from Ref. [43]. Copyright 2007 Springer)
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higher tumor-to-muscle (T/M) ratio (12.7+1.0) in a xenograft mice model than the
control liposomes without TATE (8.9+0.9) [44].

While the active targeting strategy is employed to increase the imaging agent
concentration in diseased tissue relatively to healthy organs and tissue, it is not clear
how much tumor accumulation or cellular uptake of theranostic liposomes can be
improved by the use of targeting ligands compared to the EPR-based passive target-
ing in solid tumor accumulation. Different studies may get contradictory result.
Some of the investigations have demonstrated that active targeting ligands can
enhance the tumor accumulation of liposomes [42, 45], while other investigations
show that the targeting ligand-modified nanoparticles have a cancer accumulation
and biodistribution similar to the unmodified nanoparticles [46]. Liposomes may
have a high degree of accumulation due to the EPR effect in some cancer types,
while ineffectual in other cancers. In the latter, modifying liposomes with targeting
ligands may have great effect on the improvement of the tumor accumulation. In
addition, the relevance of targeting optimization in mouse xenograft models has not
been apparent yet to human cancers. Nevertheless, the active targeting of liposomes
could be less efficient in xenograft models than in humans. More investigations in
clinic employing the actively targeted radiolabeled liposomes are thus required to
offer more details on how the actively targeted liposomes could be applied for diag-
nostic and therapeutic clinical applications.

10.3 MRI-Guided Drug Delivery Using Thermosensitive
Liposomes and HIFU

10.3.1 Thermosensitive Liposomes

Chemotherapy is one of the most common treatment modalities of a variety of can-
cers. However, one of the main drawbacks of this therapy is that the most frequently
used anticancer drugs are not specifically toxic to cancer cells and are toxic to the
surrounding normal tissues. The low selectivity of the anticancer drugs to the cancer
cells often causes undesirable side effects that limit dose and therapeutic window. In
addition, the efficacy of free chemotherapeutic agents is also hampered by multi-
drug resistance. To resolve these problems, a variety of drug nanocarries that are
triggered by stimuli (i.e., temperature, pH, enzyme, and light) have been fabricated
to enhance accumulation in tumor tissues and cells, reduce systemic toxicity, and
increase maximum tolerated dosages [47-50]. Through passive targeting mecha-
nisms effect, and active targeting with specific antibodies or other ligands, drug
nanocarriers can accumulate in tumors [51]. Among the stimuli-responsive drug
delivery systems, temperature triggering is advantageous due to the controllability
of the temperature at the desired location and time by applying an external biomedi-
cal device such as near-infrared light [52], radio frequency [53], microwave [54],
and high intensity focused ultrasound (HIFU) [55, 56].
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The thermal-sensitive liposome (the low temperature-sensitive liposome, LTSL)
responds at clinically attainable hyperthermic temperatures releasing its entrapped
drugs at the phase transition temperature (7;,) of the lipid bilayer in a matter of sec-
onds as it passes through the microvasculature of a warmed tumor [57] (Fig. 10.2).
The LTSL consists of a judicial combination of three lipid components, each with a
specific function and each affecting specific material properties, including a sharp
thermal transition and a rapid onset of membrane permeability to small ions, drugs,
and small dextran polymers. At T, the lipid membrane changes its structure as it
transfers from a gel to the liquid-crystalline phase [58]. Liposomal membranes in
the liquid-crystalline phase are more permeable to water and drugs in comparison
with the gel phase. At the 7,,, the permeability of the liposomal bilayer membrane
raises by several orders of magnitude, hence leading to the release of the liposome-
loaded drugs. The amount of released drug was found to be the highest at T, [59].
Nonetheless, the obvious drug release was observed already at 1-2° below T,
because of the existence of domain structures (i.e., grain boundaries) within the
liposomal membranes.

In a pioneering work, Yatvin et al. investigated thermosensitive liposomes con-
sisted of 1,2-dipalmitoyl-sn-glycerophosphocholine (DPPC, T;,,=41.5 °C) [60] and
1,2-distearoyl-sn-glycerophosphocholine (DSPC, T;,=54.9 °C) [61] for thermally
triggered release of neomycin and methotrexate. However, temperature-sensitive
DPPC liposomes showed relatively low drug release kinetics without quantitative
drug release at T,, [62]. The introduction of lyso-phospholipids (such as monopal-
mitoylphosphatidylcholine, MSPC) in the DPPC-based vesicles shows a remark-
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Fig.10.2 Schematic representation of heat-triggered doxorubicin release from a thermal-sensitive
liposome (Reprinted from ref. [57]. Copyright 2012, with permission from Elsevier)
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able influence on the performance of the liposomal bilayer. Needham et al. developed
lyso-PC-based LTSL for localized delivery of doxorubicin in combination with mild
hyperthermia (41-42 °C) [63]. The experiments showed that the incorporation of
lyso-PC resulted in quantitative doxorubicin release within a few seconds respond-
ing to mild hyperthermia compared with pure DPPC/DSPC-based thermosensitive
liposomes [62]. The production of transient cavities and instability along the liposo-
mal grain boundaries caused the rapid release of doxorubicin at T;, [64]. It is sup-
posed that such cavities have thermodynamical stability in the existence of lyso-PC
and PEGylated phospholipids [65].

In the recent research work, Needham et al. explored the effect of bilayer-
concentration changes involving the lysolipid and the presence or absence of
DSPE-PEG2000 on both the lipid transition temperature and the drug release [66].
The incorporation of 4 mol% DSPE-PEG2000 raises T,, by about 1 °C, while the
inclusion of 5.0, 9.7, 12.7, and 18.0 mol% MSPC causes a slight decrease of T, In
the absence of MSPC, almost no encapsulated doxorubicin-citrate was released. As
the content of MSPC in the lipid mixture increased from 5.0 % to 9.3 mol% MSPC,
initial doxorubicin release rates increased, with 8.5 and 9.3 mol% MSPC formula-
tions giving 80 % of encapsulated drug released in 4 and 3 min, respectively. The
incorporation of PEGylated lipid is found to be essential in order for the lysolipid-
induced permeability to reach these very fast times. PEG-lipid included in a DPPC—
DSPC mixture can alone enhance the permeability. Lysolipid could induce the
formation of the pores, while the PEG-lipid could stabilize them and keep them
open during the melting process. Lysolipids and PEG-lipids which might accumu-
late at the grain boundary defects are supported indirectly by observations by
Ickenstein et al. [67]. The formation of lasting nanopores in lipid bilayers initially
requires the presence (from the solid-phase structure) of grain boundary defects at
the DPPC transition. The permeabilizing component(s) can either be a pore forming
lysolipid/surfactant plus a PEG-lipid or can be generated by a PEG-surfactant incor-
porated at 4-5 mol%.

Lindner et al. explored another type of thermosensitive liposomes based on phos-
phatidylglyceroglycerol analogues [68]. It was shown that the temperature-sensitive
liposomes composed of DPPC/DSPC/DPPGOG (DPPGOG = dipalmitoyl-sn-
glycero-3-phosphoglyceroglycerol) displayed an increased serum stability at
37 °C. In addition, the DDPGOG-based liposomes exhibited a prolonged blood
circulation time, resulting in higher plasma levels of doxorubicin in comparison
with other thermosensitive liposomal formulations [68]. The size effect on the TSLs
drug release profiles was also investigated. It was found that PEGylated LTSLs of
140 nm were more stable than liposomes of 120 nm, whereas the TSLs based on
DPPGOG had similar doxorubicin release behavior for liposomes in the range of
120 and 160 nm [69]. It indicated that we can tune the drug release behavior and the
circulation time of TSLs by varying the membrane composition and the size of the
TSLs nanocarrier.

Preclinical experiments with the doxorubicin-loaded LTSLs combined with
regional hyperthermia improved greatly the efficacy of thermally triggered drug
delivery [70]. But, the main disadvantage of the lyso-PC-based LTSLs is the rapid
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drug leakage at body temperature, and 30 % doxorubicin is released within 30 s
[71]. In order to resolve this problem, Park et al. developed a novel thermosensitive
liposome (STL) composed of DPPC, DSPE-PEG-2000, cholesterol, and a fatty acid
conjugated elastin-like polypeptide (ELP). The STL exhibited better stability than
conventional LTSL-lysolipid-based temperature-sensitive liposomes at 37 °C in the
presence of serum [72]. There was rapid release of doxorubicin in the range of
39-42 °C (>95 % release at 42 °C within 10 s).

10.3.2 Temperature-Triggered Local Drug Delivery Using
MRI-Guided HIFU

Localized hyperthermia as required to trigger drug release from LTSLs can be
achieved by employing various methods including radiofrequency electric current,
microwaves, laser, as well as HIFU [57]. Among these heating methods, HIFU takes
a unique advantage in terms of controlled, noninvasive heating of precisely targeted
tissues [73]. HIFU has been applied to treat deep-seated tissues noninvasively by
depositing focused ultrasound with a high acoustic intensity in the focal volume,
resulting in local heating or a strong mechanical stimulus [74]. The mechanical
stimulus induced by ultrasound irradiation can enhance drug infiltration across the
blood vessel into the interstitial space. Thus, it is very interesting to trigger delivery
of hydrophilic and cell-impermeable drugs (e.g., siRNA, pDNA) across biological
membrane barriers by pressure-mediated drug delivery. HIFU has been employed to
transport a lethal thermal dose for thermal ablation of tissues by elevating rapidly to
temperatures of 60 °C since the 1940s [75]. In addition, HIFU has been widely used
to noninvasively treat malignancies, where relatively long, continuous exposures
are utilized, to produce the required high temperature elevations for thermal abla-
tion and direct tumor destruction [76]. If, however, shorter pulses are given together
with relatively short duty cycles, this will reduce the temporal average intensities
and generation of heat, allowing for transient nonlethal temperature elevations of
only 4-5 °C [77], where interactions of ultrasound energy with exposed tissue will
be primarily nonthermal. Such exposures have been applied to noninvasively
enhance local delivery of various therapeutic agents into different tissue types,
improving their therapeutic efficacy [78].

The combination of LTSL with HIFU allows for noninvasive targeting of drug
delivery. Dromi et al. utilized ThermoDox® (Celsion Corp.), a lyso-PC
temperature-sensitive liposomal doxorubicin formulation (2 mg drug/kg) in combi-
nation with pulsed HIFU for thermal-sensitive drug delivery [79]. Before the in vivo
experiment, temperature elevation upon HIFU irradiation was calibrated with a
thermocouple. HIFU-triggered thermal ablation was carried out either directly or
24 h after the LTSLs injection. It was found that HIFU-induced hyperthermia
directly after the LTSLs injection conduced to higher drug concentration in the
tumor than the control experiment with no hyperthermia. No additional increase of
the drug concentration could be detected in the tumor when HIFU-triggered heating
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was done 24 h after the LTSLs injection, indicating the LTSL clearance from the
blood circulation within 24 h and/or drug release from the LTSL at body tempera-
tures. The doxorubicin content in the LTSL groups increased significantly from O to
24 h, but the doxorubicin concentration at tumor sites remained to be obviously
lower than that of the HIFU-combined LTSL group immediately after the LTSLs
injection. As a result, the HIFU treatment directly after LTSLs injection led to a
significant tumor growth inhibition in comparison with all control groups. In this
in vivo thermal ablation, no real-time temperature determinations were carried out,
so the real tumor temperature was not clear. Nevertheless, the temperature mapping
based on magnetic resonance (MR) has been set up for MR-guided HIFU
(MR-HIFU) ablation process, allowing for temperature readout of the treated tissue
on near real time [57].

In the recent years, the temperature-induced localized drug delivery has been
expanded to MR image-guided drug delivery by the simultaneous loading of thera-
peutic agents and MRI contrast agent inside LTSLs. The proof-of-concept investi-
gations have been explored by utilizing MR imaging and MR-guided HIFU
combined with paramagnetic LTSLs in a preclinical setting [80]. MR-HIFU is very
promising for noninvasive, localized, and controlled hyperthermia. The integration
of MR-HIFU treatments with LTSLs would cause revolutionization in the field of
personalization medicine relating to identifying tumor location and size, monitoring
treatment procedure, and noninvasive temperature mapping [81]. By accurately cal-
culating the temperature variations from the MR phase images, MR can offer spa-
tiotemporal temperature feedback to the HIFU control unit. Electronic beam steering
employing a phased array ultrasound transducer combined with near real-time MRI
temperature mapping makes it possible to heat larger volumes of tumor tissue in a
rapid controllable volumetric manner [82]. For the employment of MR-HIFU tech-
nology platform to temperature-sensitive drug delivery in a preclinical setting, it is
very important to precisely control the temperature in a narrow window of 41-42 °C
since vascular shutdown can happen above 43 °C [83]. And the HIFU technology
must be adjusted to heat homogeneously the tumor tissue over 30-60 min at
41-42 °C, necessitating a powerful temperature feedback to resolve problems, such
as patient motion and magnetic field drift.

The MR-HIFU provides volumetric beam steering so the whole rat tumor can be
involved in a treatment. The MR temperature mapping can be an input for a binary
feedback control algorithm to the phased array ultrasound transducer to keep mod-
erate thermal ablation over 30 min with interleaved 7, mapping of the cancerous
tissue to trace release of the MRI contrast agents from the ITSLs [57]. Griill and his
team used a combination of MRI and HIFU technologies together with LTSLs con-
taining Gd complex of [GdA(HPDO3A)(H,0)] as T, contrast agent and doxorubicin
for local drug delivery [84]. The LTSLs, injected at a dose of 5 mg doxorubicin/kg
into the bloodstream, transport the drug around the body and to the tumor. The latter
is mildly heated using a focused ultrasound beam, causing the LTSLs in the tumor
to release their drug payload. Simultaneous MR imaging is used to locate the tumor,
measure local tissue temperature, and guide the ultrasound heating. The release of
the contrast agent can be monitored with MRI, allowing correlated measurements
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and visualizations of drug uptake in the tumor and surrounding tissue. The release
of the MRI contrast agent from the TSL can be proven by a decrease in 7 in the MR
images across the tumor for the HIFU-treated tumors, while the 7| merely reduced,
minimally employing the paramagnetic TSLs in non-heated tumors [84]. The
HIFU-mediated drug delivery guided by MRI exhibited obvious increase of drug
concentrations inside the target tissue. It may provide a novel minimally invasive
and local cancer treatment option in near future. Negussie et al. evaluated the in vitro
doxorubicin release kinetic of imageable lyso-PC-based temperature-sensitive lipo-
somes (iLTSLs) and thermosensitive drug delivery guided by MRI, utilizing a clini-
cal MR-HIFU system in rabbits bearing a VX2 tumors [80]. Their preliminary study
showed MRI signal intensity increase after injection of iLTSL, followed by further
increases after each 10-min hyperthermia treatment.

Griill et al. further investigated the blood kinetics and biodistribution of the
n-labeled LTSLs co-encapsulating doxorubicin and T, contrast agent of
[GA(HPDO3A)(H,0)] in rats using SPECT/CT imaging [85]. In addition, the effect
of local MR-HIFU-mediated hyperthermia of the tumor on the biodistribution of the
LTSLs, doxorubicin, and T; contrast agent was explored in detail. It was shown that
the radiolabeled TSLs co-encapsulating doxorubicin and T, contrast agent had a
long blood circulation time of the liposomal carrier and premature release of the
drug and the MRI contrast agent at physiological temperatures in Fisher rats. The
SPECT/CT images and biodistribution studies demonstrated high uptake of the
LTSLs in the spleen and the liver for both the HIFU-treated and nontreated rats.
HIFU-mediated hyperthermia of the tumor had a 4.4-fold higher uptake of the
n-labeled LTSLs in the tumor (¢=48 h) than the control experiments with no
HIFU treatment. Moreover, the doxorubicin concentration was increased by a factor
7.9 upon the HIFU treatment. This increased accumulation of the LTSLs encapsu-
lating doxorubicin at longer time points can play a key role on the therapeutic out-
come of MR-HIFU-mediated drug delivery. These fundamental insights on the
effect of HIFU on the biodistribution of LTSLs and their encapsulating doxorubicin
and T, contrast agent are important for clinical translation of MR-HIFU-mediated
drug delivery.

10.4 Radiolabeled Liposomes for Combining Imaging
and Therapy

10.4.1 Nuclear Imaging Techniques

Positron emission tomography (PET) imaging has been the fastest developing diag-
nostic imaging modality because of its quantitative feature and high sensitivity, and
PET is now a contemporary tool for diagnostics and treatments of cancer. The
gamma rays-based single photon emission computed tomography (SPECT) remains
to be the most broadly applied nuclear imaging modality because of the large
amount of scanners in clinic around the globe. Compared with PET, the SPECT
technique takes an advantage: the radioisotopes are usually more long-lived, and the
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resolution of image is better than for PET. SPECT imaging requires single photon
emitting radionuclides, such as ¥Ga, "'In, '21, '%Re, *"Tc, and ?°'TI, whereas PET
imaging needs positron-emitting radionuclides, such as '"C, ®'Cu, ®Cu, *Cu, "F,
%Ga, 1%, N, 130, 82Rb, and ¥Zr. In vivo imaging using radiopharmaceuticals plays
a key role in diagnosis and therapy of diseases, as well as drug development. Even
though many excellent radiopharmaceuticals are commercially available, develop-
ing novel agents and other radionuclides for PET and SPECT imaging a still attracts
tremendous research and industry interests currently [4].

Nuclear imaging techniques, particularly PET imaging, have the advantage to
monitor radionuclides at trace level, in which the employed doses show no pharma-
cological effects. So, the PET and SPECT imaging techniques play an important
role in drug development and discovery, screen, and identification of novel drug
candidates. Radiolabeled liposomes may be monitored at trace level by tracking
photons emitted directly with SPECT imaging technique or tracing positron annihi-
lation using PET imaging technique of the radionuclide decaying. The first liposomal
radiotracer (*!''In-loaded liposome) was developed in the early 1980s and used widely
for in vivo tumor diagnosis in y-ray camera scintigraphy [86]. The "'In-loaded
liposomes got success in clinical trials for visualizing several tumors by using
nuclear imaging technique [87]. By employing lipophilic chelators and ionophores
applied for the SPECT imaging, single photon emitting radionuclides have been
successfully encapsulated into the preformed liposomes by using remote loading
method [88]. PET shows a better detection sensitivity than SPECT, and the radio-
tracer of concentrations as low as 1072 M can be visualized using PET imaging
technique [89]. Nevertheless, it is a big challenge to load and label radiopharmaceu-
ticals for PET imaging. So far, very few liposomal strategies have been reported for
entrapping the PET used positron-emitting radionuclides [90].

Liposomes have been widely used as vehicles to load and deliver diagnostic
imaging agents and therapeutic compounds, but no liposomal radiopharmaceuticals
have been approved and available in the market for diagnostic nuclear imaging
applications. Several liposomal radiopharmaceuticals with different radionuclide
were studied in vivo; however, merely the single photon emitting radionuclides,
Tn and *™Tc, were applied for clinical studies of inflammation and infection [91]
and cancers [92] with SPECT imaging. No clinical trials have been reported on
liposomal radiopharmaceuticals used for PET diagnostic imaging. Nevertheless,
liposomal radiopharmaceuticals show a few promising future PET diagnostic imag-
ing applications since their high detecting sensitivity provides us an opportunity to
compare quantitatively liposomal drug candidates. Moreover, the employment of
liposomal radiopharmaceuticals enables to track the biodistribution of a liposomal
drug in cancer patients, which can additionally be essential for other therapeutic
techniques, such as anti-angiogenic agents and radiation therapy [93]. This preclini-
cal study of nuclear imaging can hopefully give us more details on how liposomal
methodology may be applied for diagnosis and therapy of diseases. Due to the
variety of liposome design and preparations, radiolabeled liposomes could be
conveniently engineered to be theranostic nanomedicine for simultaneous therapeutic
and diagnostic imaging applications, and such liposomal methodology enables to
integrate diagnostic imaging and treatment for personalized medicine. PET imaging
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permits to analyze directly the radioactivity isolated specifically in a region of
interest (ROI), thus to quantitatively determine biodistribution according to the
pixel intensity differences. Due to the limitation of employing SPECT imaging in
comparison with PET imaging, we have a pressing need for the development of
liposomal radiopharmaceuticals of PET imaging for preclinical and clinical
investigations.

10.4.2 Labeling Liposomes with Radionuclide

To date, various strategies have been presented for labeling liposomes with radionu-
clides. In order to use liposomes as radionuclide carriers for imaging and diagnostic
application, the labeling technique should meet the following important features
[4]: (1) facile and quick fabrication at room temperature, (2) high drug-loading
content, (3) easily available radionuclides with excellent imaging capability, and (4)
good radiolabeling stability [94]. The techniques for incorporating radionuclides
into liposomes for in vivo imaging using SPECT and PET may be generally catego-
rized into four strategies: (1) passive entrapping [95], (2) membrane labeling [96],
(3) surface chelation [97], and (4) remote loading [88]. No labeling and loading
technique is perfect, and each approach has its advantage and limitation.

Passive entrapping of the radionuclide inside liposomes is carried out during the
liposome production. The drug-loading content is usually less than 10 % for 100 nm
liposomes, so this technique is scarcely employed. In the membrane labeling
method, the radionuclide is coupled to the surface of liposomes or incorporated
within the liposomal bilayer. The radionuclides may be coupled to either as-prepared
liposomes or a lipid which is used to formulate the liposomes. In this technique, the
insufficient stability of liposome radiolabeling is a risk, which may lead to loss of
radioactivity from the liposomes in vivo. As a result, the diagnostic image quality may
be reduced, conducing to an inaccurate estimation of the liposome biodistribution.

The approaches of surface chelation and remote loading may be applied for the
prepared liposomes. Because of the high loading content and radionuclide retention,
such two approaches are the most widely applied. Surface chelation of the prepared
liposomes is carried out by introducing the conjugates of lipid chelator binding the
radionuclides into the liposomal membrane during the liposome formation. The
labeling efficiency is usually as high as 90 % in this method. The radionuclides are
conjugated to the liposome surface, so the radionuclide is easily exposed to plasma
proteins during systemic circulation. It may lead to the radionuclide release from
liposomes. Therefore, the in vivo stability of surface-chelated liposomes highly
depends on the binding constant of radionuclide/chelator.

In the remote loading approach, the radionuclide is actively loaded inside the
aqueous core domain of liposomes, in which lipophilic chelators and ionophores
can ship the radionuclide across the prepared liposome membrane, and the radionu-
clide can be delivered to a pre-entrapped chelator. The radionuclides are concen-
trated in the core aqueous domain of the liposomes, giving high drug entrapping
efficiency (>90 %) and the greatest in vivo stability because liposomal membrane
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can prevent the radionuclide exchange with the biological environment [98].
Petersen et al. developed the “Cu PEGylated liposomes by remote loading of *“Cu
into the prepared PEGylated liposomes with DOTA as the entrapped copper chela-
tor and the 2-hydroxyquinoloine chelator to ship the copper across the lipid bilayer
membrane. A very high loading efficiency (>95 %) was obtained by this labeling
method. The imaging capability of the *Cu liposome with PEG brush was evaluated
with a HT29 colon adenocarcinoma xenograft model in tumor-bearing mice. The
high-quality images in Fig. 10.3 demonstrate the potential of using **Cu-liposomes
in PET/CT imaging [99]. It is very clear that long-circulating PEGylated
%Cu-liposomes accumulate selectively in cancerous tissue because of EPR effect
(Fig. 10.3c, d). The high resolution and better sensitivity of PET will allow for
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Fig. 10.3 PET/CT images of *Cu-liposomes distribution in normal and tumor-bearing mice. (a)
Coronal PET images 1, 4, 12, and 24 h postinjection of *Cu-liposomes into a normal mouse. (b)
Coronal PET/CT-fusion image 4 h postinjection of ®*Cu-liposomes into a normal mouse. (c)
Coronal PET image 24 h postinjection of *Cu-liposomes into a mouse bearing colon adenocarci-
noma (HT29; marked with arrows) on right and left flank. (d) Axial PET image (fop) and axial
PET/CT-fusion (bottom) images 24 h postinjection of **Cu-liposomes into a mouse bearing colon
adenocarcinoma (HT29; marked with arrows) on right and left flank (Reprinted from Ref. [99],
Copyright 2011, with permission from Elsevier)
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detection of small and malignant tumors with significantly lower radioactivity dose
to the patient compared to SPECT imaging [99].

The radionuclides remote loading with the prepared liposomes may be catego-
rized into three approaches [4]: (1) a lipophilic chelator is used to transport the
radionuclide across the liposomal bilayer into the internal aqueous compartment,
inside which the radionuclide can chelate with a loaded metal chelator and gets
encapsulated. For example, “’Ga and '''In can be loaded into the prepared liposomes
encapsulating the chelator of nitrilotriacetic acid (NTA) [100] or the chelator of
deferoxamine (DF) [101]. In this method, 8-hydroxyquinoline (oxine) can be uti-
lized as lipophilic chelator for the transportation of ’Ga (or '''In) across the liposo-
mal bilayer in the form of radionuclide/lipophilic chelator, from which ¢’Ga (or
1Tn) can be captured by the encapsulated NTA or DF. (2) An ionophore is incorpo-
rated in the liposome bilayer to make a hydrophilic pore, which ensures metal ions
and/or radionuclides to go through the bilayer membrane. The A23187 ionophore
has been successfully introduced into liposomal bilayer membranes to ship external
MTnCl; across the bilayer membrane, in which the radionuclide can be captured by
interacting with entrapped NTA chelators. (3) The lipophilic chelator N-N-bis
(2-mercaptoethyl)-N',N'-diethylethylenediamine (BMEDA) has been successfully
applied for liposomes labeling with **"Tc radionuclides by a pH gradient technique
[102].

10.4.3  Quality Control of Radiolabeled Liposomes

A variety of quality control (QC) tests should be carried out on every single radio-
pharmaceutical batch produced for human injection to reach the acceptable tracer
quality [4]. In order to comply with quality requirements, specifications have to be
carefully considered during the development and in the production process. Because
of the radioactive decay, the time between the production and the administration
into patients can be insufficient to satisfy all the normal pharmaceutical QC require-
ments so radiopharmaceuticals have to be manufactured within strict time limits.
Therefore, during the development process, the time to analyze every QC is a key
parameter. After the radioactive labeling process, dependable QC tests are often
required to be finished within 30—60 min. The production procedure of a liposomal
radiopharmaceutical usually include two individual preparation steps: one is a non-
radioactive process to prepare liposomes and the other is a radioactive process to
produce the radiolabeled liposomes for injection. At each preparation step during
manufacturing a liposomal radiopharmaceutical, specifications should be consid-
ered and QC tests should be carried out.

A number of parameters are required to be measured for the characterization of
the liposomal radiopharmaceutical quality. For nonradioactive liposomes, some of
the recommended specifications include physiochemical tests (surface charge, par-
ticle morphology and size, phase transition temperature, osmotic properties, etc.),
identification of the entrapped and un-entrapped active species, degraded lipid
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products, quantification of the components of lipids, in vitro stability test/shelf-life,
and endotoxin and sterility tests. For human injectable liposomal radiopharmaceu-
ticals [103], some QC tests, such as pH and appearance, physiochemical and bio-
logical tests, identity and purity of radionuclide, radiotracer purity and identity,
radiotracer stability, and endotoxin and sterility tests, are highly recommended.

A variety of radiopharmaceuticals have to be fabricated prior to use, e.g., by
liposomes remote loading due to short half-lives, but the stability concerns remain
to be slow-decaying isotopes which can be longer stored because of possible radi-
olysis. Thus, suitable parameters must be established and documented to evaluate
the stability of the liposomal radiopharmaceutical under certain storage conditions
[104]. Hence, a stability test must be carried out in the possible harshest conditions.
Radiochemical impurities may originate from a deficient chelation or loading in the
labeling and loading process of the prepared liposomes because of uncompleted and
side reactions, radiolysis, unsought lipophilic chelators, or ionophores content for
the radionuclide binding [103]. The retention time (Ry) of the radiopharmaceutical
liposomes is often used for radiochemical identification of a liposomal radiophar-
maceutical by comparing with the Ry of a standard non-radiolabeled liposome by
using analytical HPLC and size exclusion chromatography.

10.4.4 Liposomal Radiopharmaceuticals for Cancer Imaging
and Therapy

Molecular imaging permits a noninvasive readout to provide information which was
merely possible by biopsies and pathological evaluation in the past, so it can be an
essential technique for diagnosis, monitoring, and treatment evaluation. In the
recent decade, many radiopharmaceuticals have been explored for diagnosis, char-
acterizing the tumor microenvironment, guiding treatments, and evaluating thera-
peutic efficacy [105]. Because of their sensitivity to phenotypical characteristics
and specific tumor microenvironmental conditions, novel radiopharmaceuticals can
target cancer tissue. People pay more attention to develop diagnostic strategies to
include imaging contrast agents for novel molecular targets and further understand
how the combinations of imaging contrast agent may provide more knowledge on
tumorous heterogeneities. It aims at localization and staging of the cancer and assis-
tance to select the optimal treatment strategies. For this concern, liposomal radio-
pharmaceuticals targeting tumors can possibly have appealing imaging
characteristics and may be a supplementation to existing imaging contrast agents
due to its different accumulation mechanisms from the existent agents. The lipo-
somes targeting tumors have been extensively tested in preclinical evaluation to
deliver anticancer agents, such as HER2, transferrin, integrin, and galectin-land
interleukin 13 receptor-targeted liposomes [106]. Moreover, the tumor angiogenic
vasculature has been widely explored as a target to deliver vascular disrupting and
therapeutic agents. The targeting tractability of radiopharmaceutical liposomes can
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supply additional biological insight to the invasive procedure-based biopsies [107].
In addition, liposomal radiopharmaceuticals can be used for the guidance of person-
alized treatments by classifying patients in accordance with radiopharmaceutical
binding levels of the specific biomarkers or interesting targets. Mucus barriers lin-
ing mucosal epithelia may reduce the effectiveness of nanocarrier-based mucosal
drug delivery and imaging. Yu et al. developed liposome-based mucus-penetrating
particles (MPP) capable of loading hydrophilic agents, e.g., the diaCEST MRI con-
trast agent barbituric acid (BA) [108]. It was found that noninvasive diaCEST MRI
illustrated uniform vaginal coverage and longer retention of BA-loaded 7 mol%-
PEG liposomes compared to unencapsulated BA, showing promise for drug deliv-
ery and imaging at mucosal surfaces. Nanohybrid liposomes coated with amphiphilic
hyaluronic acid-ceramide (HACE) was fabricated for targeted delivery of anticancer
drug and in vivo cancer imaging. Nanohybrid liposomes including doxorubicin and
Magnevist, a contrast agent for magnetic resonance (MR) imaging, with 120-
130 nm mean diameter and a narrow size distribution, were developed. DOX release
from the developed formulation was improved at acidic pH (pH 5.5 and 6.8) versus
physiological pH (pH 7.4). Cytotoxicity induced by the blank plain liposome was
reduced by coating the outer surface of the nanohybrid liposome with HACE. Cellular
uptake of doxorubicin from the nanohybrid liposome was enhanced by HA and
CD44 receptor interaction versus the plain liposome. In vivo contrast-enhancing
effects revealed that the nanohybrid liposome can be used as a tumor targeting MR
imaging probe for cancer diagnosis. In a pharmacokinetic study in rats, in vivo
clearance of doxorubicin was decreased in the order doxorubicin solution, plain
liposome (F2), and nanohybrid liposome (F3), indicating prolonged circulation of
the drug in the blood stream and improved therapeutic efficacy of the nanohybrid
liposome (F3). Based on these findings, the nanohybrid liposomal system may be a
useful candidate for real-time cancer diagnosis and therapy [109].

Multimodal imaging provides more efficient and accurate diagnosis of various
diseases, so a variety of multimodal imaging probes have been synthesized and
tested as new contrasting agents [8]. As a multimodal imaging platform, liposomes
have many attractive characteristics, such as a well-established preparation method,
easy size control, easy surface modification, large loading capacity, and excellent
in vivo stability [110]. Kim et al. developed a trimodal liposome for optical, nuclear,
and MR tumor imaging [111]. The authors synthesized a new bimodal radioactive
tracer of hexadecyl-4-[**Iliodobenzoate (['**I]JHIB) that emits both luminescence
and nuclear signals. Then, a trimodal liposome was prepared by one-pot formula-
tion of phosphatidylcholine, cholesterol, PEGylated lipid, lipophilic gadolinium
complex, and the radiolabeled ['**I]JHIB. Fast clearance of the radiotracer from
reticuloendothelial systems enables vivid tumor imaging with high tumor-to-
background ratio (Fig. 10.4) [111]. Li et al. fabricated a multifunctional theranostic
liposomal drug delivery system integrating multimodality MR, near-infrared (NIR)
fluorescent and nuclear imaging of liposomal drug delivery, and therapy monitoring
and prediction [112]. The premanufactured liposomes consist of 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), cholesterol, lipophilic gadolinium complex,
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Fig. 10.4 Typical optical luminescence, PET and MR image of CT26 tumor-bearing mouse at 4 h
postinjection of ['*IJHIB-Gd-liposome (n=3) (Reprinted with the permission from Ref. [111].
Copyright 2014 American Chemical Society)

and DOTA-DSPE with the molar ratio of 39:35:25:1. A lipidized NIR fluorescent
tracer of IRDye-DSPE was inserted into the premanufactured liposomes. After
loading doxorubicin, the multifunctional liposomes were stably radiolabeled with
PmTe or **Cu for SPECT or PET imaging, respectively. MR, NIR fluorescent,
SPECT, and PET images clearly displayed either the high intratumoral retention or
distribution of the multifunctional liposomes. This multifunctional liposome-
carrying drug has great potential for disease theranostics, allowing noninvasive
multimodality NIR fluorescent, MR, SPECT, and PET imaging of their in vivo
behavior and capitalizing on the inherent advantages of each modality [112].

In a word, liposomal radiopharmaceuticals for nuclear imaging have been dem-
onstrated to be extremely sensitive imaging agents which may be hopefully applied
clinically. Especially, the agents for PET imaging are expected to be essential in the
near future to quantify and optimize liposome-based drug delivery systems during
personalized treatments. Liposomal radiopharmaceuticals can operate as a tool for
individualization and optimization of cancer therapy because of the capability to
predict the biodistribution of liposomal drug delivery systems [4].

10.5 Nanohybrid Liposomal Cerasome for Theranostics

10.5.1 Preparation and Properties of Cerasomes

Similar to liposomes, cerasomes are spherical vesicles with the lipid bilayer mem-
brane around 4 nm in thickness. The fabrication procedure of cerasomes is analo-
gous to that of the liposomes prepared from phospholipids. Conventional liposomes
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consist of phospholipids, but cholesterol is often included as a constituent to improve
the rigidity of the bilayer membrane and enhance the stability of the bilayer in the
presence of biological fluids. In contrast, no cholesterol is needed for the fabrication
of cerasomes. Based on the concept of the critical packing parameters for lipid
assemblies, cerasome-forming lipids (CFLs) are designed and synthesized to have
triethoxysilane headgroups and hydrophobic alkyl chains, which are linked by a
connector part, e.g., oligopeptide moieties [22-24]. Upon hydrolysis of the
triethoxysilyl groups, the CFLs become amphiphilic to self-assemble lipid bilayer
in aqueous solution. Cerasomes were produced by direct dispersion of CFLs in
aqueous solution using vortex-mixing, leading to the formation of a liposome which
self-rigidifies via in situ sol-gel processes (Si-OCH;CH, + H,O Si-OH + CH;CH,OH
followed by 2Si-OH Si-O-Si + H,0) on the surface [22]. Moreover, siloxane net-
work spontaneously develops via the condensation among the silanol groups on the
relatively hydrophobic membrane surface. Generally, the size of the multilamellar
cerasomes is in the range of sub-micrometers. Upon ultrasonication of the aqueous
dispersion of cerasomes using a probe-type sonicator above the phase transition
temperature of the lipids, the multilamellar vesicles (MLVs) converted into the cor-
responding single unilamellar vesicles (SUVs) with a diameter less than 200 nm.

The conventional liposome formulation has insufficient stability. A typical phe-
nomenon of the increase in particle size is often observed during the formulation
processing storage due to the aggregation or the fusion of unstable liposomes. It
generally conduces to rapid uptake by the reticuloendothelial system followed by
rapid clearance and a short half-life. Thus, controlling and maintaining liposomes at
small and uniform sizes are essential in producing a viable pharmaceutical product.
Nevertheless, the solution of cerasomes could be stored at 4 °C for several months
with almost no change in particle size, indicating no aggregation or fusion of cera-
somes [20]. In addition, cerasomes show remarkably high stability towards surfac-
tant solubilization, acidic treatment. The siloxane network covering lipid bilayer is
viewed as a protection towards all factors susceptible to destabilize bare liposomes.
The silicalike layer of cerasomes greatly reduces liposome fusion, resulting in a
substantial increase in their long-term stability [20, 22].

In order to develop cerasomes for biomedical applications, the biocompatibility
of cerasomes with an average diameter of 153.7+8.0 nm was evaluated with the
silica nanoparticles prepared with an average diameter of 153.2+7.3 nm as control
[113]. It was found that cerasomes were internalized through nonspecific or clathrin-
related endocytosis and affected different aspects of cell functions to a smaller
extent than silica nanoparticles of the similar size, including cell proliferation, cell
cycle, cell apoptosis, endogenous reactive oxygen species (ROS) level, and intercel-
lular adhesion molecule-1(ICAM-1) expression. The introduction of lipid bilayer
membrane architecture into cerasomes boosts the biocompatibility. Cerasome’s bio-
compatibility compares traditional liposome but better than silica nanoparticles,
indicating great potential for drug and gene delivery applications [24].
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10.5.2 Cerasomes as Drug/Gene Carriers

It is different from traditional liposomes that cerasomes can encapsulate not only
both hydrophobic and hydrophilic molecules but also amphiphilic molecules. In
order to investigate the effect of lipid structure on the release behavior of cerasomes,
a series of new cerasome-forming lipids (A, B, C, and D) were designed and synthe-
sized with different numbers of triethoxysilyl headgroups and alkyl chains cova-
lently attached to each other via glycerol or pentaerythritol linkers (Fig. 10.5a)
[114]. The in vitro paclitaxel (PTX) released from cerasome A, B, C, and D were
examined over an experimental time period of 96 h. As seen in Fig. 10.5b, four
types of cerasomes exhibited similar release profiles. No initial burst release was
observed due to their high stability. But their PTX release rates from the cerasomes
were much different and remarkably influenced by the molecular structure of the
cerasome-forming lipids. From cerasome A to cerasome C, the release rate decreased
with increasing number of triethoxysilane headgroups in the cerasome-forming lip-
ids. Within 100 h, the total release amount of PTX reached to 36 %, 24 %, and 18 %
for cerasome A, B, and C, respectively. The formation of siloxane bonds conduced
to a silicalike surface of cerasomes with high degree of polymerization. The density
of siloxane networks increased as the number of triethoxysilane headgroups in the
cerasome-forming lipids increased. The slower release rate was attributed to the
higher density of siloxane networks, which could block the drug release channels.
Both cerasome A and D had one triethoxysilane headgroup in their corresponding
lipids, but cerasome A had a higher release rate than cerasome D because of the dif-
ference in the chemical structure of the cerasome-forming lipids. The existence of
one more alkyl chain in lipid D may make the cerasome bilayer more compacted,
and the hydrophobic interaction between the lipid bilayer and PTX stronger. This
resulted in a lower release rate from cerasome D. Therefore, the structure of
cerasome-forming lipids also plays an important role in modulating the drug release
behavior. It provides us an opportunity to control the drug release rates from
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Fig. 10.5 (a) Chemical structures of four cerasome-forming lipid A, B, C, and D. (b) Cumulative
release of PTX from cerasome A—D as a function of time (Reprinted with the permission from Ref.
[114]. Copyright 2013 Wiley)
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cerasomes by adjusting the number of triethoxysilane headgroup and alkyl chains in
the cerasome-forming lipids.

It is very interesting that the magnitude of the initial burst and the rate of the
sustained release of doxorubicin from cerasomes can be conveniently modulated by
incorporating dipalmitoylphosphatidylglycerol (DPPG) into cerasomes and altering
the ratios of cerasome-forming lipid A and DPPG [115, 116]. As shown in Fig. 10.6,
322+1.8 %,41.4+1.9 %, 55.7+2.7 %, 66.7+£3.0 %, and 75.8+2.0 % doxorubicin
were released from cerasomes incorporating 0 %, 10 %, 30 %, 50 %, and 80 %
DPPG in the first 10 h, respectively. Clearly, the initial burst release of doxorubicin
from cerasomes increased with increasing the DPPG content, indicating that DOX
interacts more strongly with hydrolyzed CFLs than DPPG. An increase in the DPPG
content weakened interactions between drug carrier in cerasomes. Thus, more
encapsulated doxorubicin molecules existing in the molecularly dispersed state
were available for the initial burst release. As the DPPG content increased, the
sustained release of doxorubicin from cerasomes following the initial burst also
slightly increased. As a result, the cumulative release of doxorubicin from cera-
somes incorporating 0 %, 10 %, 30 %, 50 %, and 80 % DPPG was 55.2+1.5 %,
65.7£5.0 %, 85.0+2.9 %, 93.2+2.1 %, and 97.6+1.3 % doxorubicin in 57 h,
respectively (Fig. 10.6). Due to the difference in the development of siloxane net-
works in the mixed cerasomes, the degree of polymerization of siloxane networks
decreases as the proportion of DPPG increases; hence, the release rate increases.
Consequently, both the initial burst and subsequent sustained release can be modu-

100
~ 80
=
?
& 60
<o
o
o 40
= .
= —a— Liposome
E 71 ——30% DPPG
O ) —v—50% DPPG
0 X —e— 80% DPPG
—<«— Cerasome
T v T d T T T v T v T v T
0 10 20 30 40 50 60

Time(hour)

Fig. 10.6 Influences of vesicle composition on the sustained release of doxorubicin from DPPG-
cerasomes. [l Liposomes, 4 80 % DPPG, ¥ 50 % DPPG, A 30 % DPPG, @ 10 % DPPG,
cerasomes. Data shown as mean + SD, n=5 (Reprinted from Ref. [115], Copyright 2012, with
permission from Elsevier)
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lated by alteration in vesicle composition to achieve a wide range of release profiles.
Therefore, the incorporation of DPPG into cerasome offers a new mechanism to
modulate the release profiles of doxorubicin from cerasomes.

An ideal drug nanocarrier should be stable enough during systemic circulation
and rapidly release high concentrations of active drug after reaching targeted region,
but it is often difficult to be achieved since these two elements are apparently differ-
ent. With the aim to develop a drug delivery system which is stable enough to mini-
mize drug leakage during blood circulation and mediates a rapid drug release, Dai
et al. developed HIFU and temperature-sensitive cerasomes (HTSCs) from a
cerasome-forming lipid A by introducing thermosensitive liposome-forming lipids
of  1,2-dipalmityol-sn-glycero-3-phosphocholine ~ (DPPC), MSPC, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-PEG2000 (DSPE-PEG2000)
into the cerasomes [117]. The HTSCs showed spherical shape with an average
diameter around 200 nm. Both hydrophilic and lipophilic drugs can be efficiently
loaded into HT'SCs. In addition, the release rate of HT'SCs could be conveniently
modulated by varying the molar ratios of CFL to DPPC. The drug-loaded HTSCs
exhibited much longer blood circulation time (half-life >8.50+ 1.49 h) than conven-
tional LTSL (0.92+0.17 h). An in vitro study showed that the drug-loaded HTSCs
were highly stable at 37 °C and gave a burst release at 42 °C, capable to act syner-
gistically against tumors. More than 90 % hydrophilic drugs could be released from
the HTSCs with a proportion of 43.25 % of CFL in 1 min at an elevated temperature
of 42 °C generated by HIFU exposure. The in vivo studies demonstrated that the
tumor growth of the adenocarcinoma (MDA-MB-231)-bearing mice could be sig-
nificantly inhibited after intravenous injection of doxorubicin-loaded HTSCs at
5 mg doxorubicin/kg, followed by double HIFU irradiation. Therefore, the drug-
loaded HTSCs combined with HIFU hold great potential for efficient localized che-
motherapy of cancer by delivering high concentration of chemotherapy drugs
directly to the tumor, achieve maximum therapeutic efficacy and minimal side
effects, and avoid the damage to the healthy tissues caused by systemic administra-
tion of drugs.

Cationic liposomes have been widely used as transfection agents in gene delivery
by binding DNAs and RNAs electrostatically to give lipoplexes which are taken in
the cells via endocytosis to ultimately result in expression of the encoded gene [89,
90]. Nevertheless, the bilayer-keeping forces are not very strong, and liposomes are
not so rigid or robust. Liposomes may easily undergo fusion as induced by hydro-
phobic species and/or simple ions. Therefore, the surface-rigidified cerasomes were
applied as a gene carrier [23]. It is proved that cerasomes are neither fused nor
cross-linked when bound to siRNA (short duplex RNA) but not to plasmid DNA
which induces cross-linking [118]. To provide a solution to many of the limitations
associated with current delivery platforms of siRNA, PEGylated cationic cerasomes
(PCCs) were fabricated by doping a cationic lipid hydroxyl group liposomal nano-
hybrid cerasomes. It was found that the PEGylation of the cationic cerasome could
protect the cerasome nanoparticles from agglomeration and macrophage capture,
reduce protein absorption, consequently prolong the blood-circulating time, and
enhance the siRNA delivery efficiency [119]. Moreover, incorporation of the cat-
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ionic lipid containing hydroxyl group further facilitates endosome release. Upon
systemic administration, PCCs were found to be effectively delivered into the liver
and preferential uptake hepatocytes in mice, thereby leading to high siRNA gene-
silencing activity, suggesting potential therapeutic applications of PCCs-mediated
delivery of siRNA for liver diseases. Therefore, such cerasome strategy thus pro-
vides a simple and widely applicable tool to resolve common problems relating to
present liposome-based drug and gene delivery. It is anticipated that cerasomes can
be a promising candidate as drug/gene carrier with more sophisticated and smarter
controlled release behavior.

10.5.3 Loading Functional Nanoparticles into Cerasomes
Jfor Theranostics

Although many successes have been achieved with magnetic liposomes, there are
still a few challenges in the design of magnetic liposomes that are stable and long-
circulating in vivo, but may be destabilized in a controlled fashion to facilitate drug
release at the target site. Suffering from the classical issue of instability associated
with lipid bilayers, the morphology of magnetic liposomes often changes signifi-
cantly with magnetic nanoparticles and lipid concentrations. Magnetic liposomes
generally exhibit a short circulation half-life after intravenous administration since
they are prone to form aggregates and fuse to form larger vesicles in suspension,
which may result in inclusion leakage. Therefore, it is of importance to develop
more stable magnetic liposomes.

To overcome general problems about current magnetic liposome technology,
magnetic cerasomes combining the advantages of both cerasome carriers and mag-
netic nanoparticles were developed recently. In addition, it was found that both
doxorubicin and hydrophobic Fe;O, nanoparticles can be loaded into the aqueous
interior of cerasomes via facile one-step construction [120] (Fig. 10.7). A possible
explanation is that the hydrophobic Fe;O, NPs can be trapped inside the aqueous
core of cerasomes through the formation of an intermediate Fe;O,—micelle com-
plex. It was reported that the loading of hydrophobic Fe;O,4 nanoparticles with phos-
pholipids in water lead to the formation of Fe;O,—micelle complex [121, 122] or
Fe;0,-liposome complex [123]. In the Fe;O,—micelle complex state, Fe;O, nanopar-
ticle is covered by a lipid monolayer, while in the Fe;O,~liposome state, Fe;O,
nanoparticle presents in the lipid bilayer of liposomes. The cerasome bilayer is
about 4 nm thick, so the hydrophobic Fe;0, nanoparticles larger than 5 nm cannot
stay in the lipid bilayer due to a high energy penalty. Hence, the hydrophobic Fe;0,
surface should be completely covered by the lipid monolayer, leading to the forma-
tion of Fe;O,—micelle complex.

The encapsulation efficiency of doxorubicin was found to increase with decreas-
ing ratios of Fe/C, which was evaluated to be 21.7+5.4 % at the Fe/C ratio of 10:1
and 51.6+5.9 % at the Fe/C ratio of 0:10, respectively. Most importantly, the Fe;O,
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Fig. 10.7 Schematic illustration of DOX-loaded magnetic cerasomes (Reprinted from Ref. [120],
Copyright 2012, with permission from Elsevier)

loading content reached a maximum (approximately 0.69 mg/mL) at a Fe/C molar
ratio of 4:1. In addition, at a Fe/C molar ratio of 4:1, we could obtain a good drug-
loading content of 3.2+ 1.3 % and a high encapsulation efficiency of 43.4+4.7 %,
which is close to the highest value of 51.6 £5.9 % at the Fe/C ratio of 0:10. Therefore,
the Fe/C molar ratio of 4:1 was used for the fabrication of the doxorubicin-loaded
magnetic cerasomes in further studies [120].

Superparamagnetism is of importance in drug delivery. The doxorubicin-loaded
magnetic cerasomes showed fast response to the external magnetic field and could
be redispersed quickly with a slight shake after removal of the magnetic field. The
two saturation magnetization curves measured at 300 K showed no hysteresis loop,
which means that both Fe;O, nanoparticles and the drug-loaded magnetic cera-
somes possess strong superparamagnetism. The saturation magnetization value
(Ms) of the doxorubicin-loaded magnetic cerasomes was 25.95 emu g™'. It is lower
than that of Fe;O, nanoparticles (69.65 emu g') due to the overall reduction in the
total ferrite content in cerasomes. It should be noted that the doxorubicin-loaded
magnetic cerasomes still show high magnetization, ensuring its application for MR
imaging, magnetic targeting, and separation as a drug carrier.

The dose of drug required to achieve clinically effective cytotoxicity in tumors
often causes severe damage to normal tissues. Light-triggered drug release is an
attractive strategy for the spatiotemporal control of drug delivery, which may allow
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for precise, on-demand drug delivery within individual cells in vitro to enable pre-
cise treatment of cancer in vivo. Gold nanoshell mediates strong surface heat flux
upon absorption of near-infrared (NIR) light, thus is an excellent candidate for NIR
light-triggered release of drug from nanocarriers as well as photothermal treatment
agent. In combination with gold nanoshells, liposomes have been shown to be able
to thermally control the release of encapsulated agents. The permeability of lipo-
somes is greatly enhanced around the liposomal membrane melting temperature
(T,), which depends on the lipid composition [124]. Upon heating the liposomal
membrane above, T, drug can thus be released. The double long-strand alkane-
based liposomes have T, typically close to body temperature, which results in drug
leakage during circulation in human system. By choosing a T, far above body tem-
perature, leakage during circulation can be much more minimized [125]. Moreover,
the gold nanoshell-coated liposomes may go through a melting and fusion process
due to the insufficient stability of traditional liposomes, leading to the formation of
large gold aggregates, so the contents in liposomes usually exhibit a one-time
release profile instead of multiple release kinetics [126]. Therefore, the doxorubicin-
loaded magnetic cerasomes coated with gold nanoshell were developed by loading
both hydrophobic doxorubixin and Fe;0, nanoparticles into the cholesteryl succinyl
silane-based cerasomes, followed by the formation of gold nanoshell around cera-
some surface to combine MR imaging, magnetic field-guided drug delivery, light-
triggered drug release, and photothermal therapy [127].

Compared with conventional systems, such as liposomes, such drug-loaded mag-
netic cerasomes with gold nanoshell take more advantages for potential clinical
applications as follows: (1) Minimize the drug leakage during systemic circulation
because cholesteryl molecule as the hydrophobic part has a melting temperature as
high as 150 °C. (2) Realize multiple release kinetics rather than one-time release
profile due to the remarkably high mechanical stability and heat resistance com-
pared to traditional liposomes. (3) Improve drug encapsulation efficiency and load-
ing content because of the full hydrophobic interior of cerasomes. (4) Identify the
location and size of tumors, evaluate the therapeutic efficacy, and address the drug
amount accumulated in the tumor through contrast-enhanced MR imaging. (5)
Significantly improve the cancer cell killing capability, greatly increase the selectiv-
ity, and potentially overcome resistance to chemotherapeutic agents by the com-
bined photothermal therapy, chemotherapy, magnetic field-guided drug delivery,
and MR imaging. In a word, this new multifunctional platform combines all func-
tions within a single agent to yield substantial promise for highly efficient antican-
cer treatment.

High-quality water-soluble quantum dots have attracted intensive research inter-
ests for biomedical application. Quantum dots can be prepared directly in water but
often have narrow available size ranges and wide size distribution, resulting in wide
full width at half maximum of the emission spectrum. In contrast, quantum dots
produced from high temperature organic solvent synthetic strategies are monodis-
perse with very wide emission color ranging from ultraviolet to near infrared (300
2500 nm). However, these quantum dots synthesized in organic solvents are water
insoluble. Thus, how to make the high-quality hydrophobic quantum dots water
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soluble is a big challenge. In order to overcome general problems associated with
current hydrophobic quantum dots, a one-pot strategy was developed for the encap-
sulation of hydrophobic quantum dots into cerasome [128]. This “all-in-one” proce-
dure for simultaneous synthesis, encapsulation, and solubilization of high-quality
quantum dots is based on the use of dihexadecylamine and 3-isocyanatopropyltriet
hoxysilane. Upon sonication in water, the condensation of dihexadecylamine and
3-isocyanatopropyltriethoxysilan leads to the formation of a cerasome-forming
lipid of the urea, which spontaneously encapsulates and solubilizes the hydrophobic
quantum dots by self-assembly and sol-gel process without the use of any additional
materials or steps. After encapsulation into cerasome, quantum dots become well
dispersed in aqueous solution. Such water-soluble quantum dots cerasomes show a
good photostability and keep the luminescence property of the original hydrophobic
quantum dots.

10.5.4 Cerasomal Porphyrin for Photodynamic Theranostics
of Cancer

Due to the flexibility to accommodate photosensitizers with variable physicochemi-
cal properties, liposomes have come into focus as a valuable carrier and delivery
system for the improvement of the efficacy and safety of photodynamic therapy
(PDT) [129]. However, a lipid exchange between the liposomes and lipoproteins
may result in an irreversible disintegration of the liposome, hence the release of
photosensitizers in the bloodstream. Unlike conventional chemotherapy, the release
of the photosensitizer drugs is not a prerequisite for PDT action, so this premature
release may reduce efficacy of treatment [130]. Porphyrin and its derivatives are the
most used photosensitizers for photodynamic diagnosis and therapy. Dai et al.
designed and synthesized a conjugate of porphyrin-organoalkoxysilylated lipid
(PORSIL) with dual triethoxysilyl heads, a hydrophobic double-chain segment, a
porphyrin moiety, and a connector unit among them, which was used to fabricate
porphyrin-conjugated cerasomes for the first time by sol-gel reaction and self-
assembly process (Fig. 10.8) [131, 132]. The average diameter of this porphyrin
cerasome was evaluated to be 70+ 13 nm. The covalent attachment of porphyrin to
cerasomes resulted in the drug-loading content of 33.46 %, significantly higher than
the physically entrapping cerasomes or liposomes (generally less than 10 %). In
addition, the premature release of photosensitizers can be avoided during systemic
circulation.

The shape of the absorption spectrum of porphyrin-conjugated cerasomes is
quite similar to that of the solution-phase PORSIL lipid, suggesting that no aggrega-
tion of porphyrin molecules occurs in the nanoparticles. Both Soret and Q bands of
porphyrin moieties exhibit bathochromic shift of 3 nm due to an alternative arrang-
ing mode of porphyrin group and alkyl chains. The existence of double-alkyl chains
sterically hinders porphyrin moieties’ approaching each other, which is highly
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Fig. 10.8 Schematic illustration for the formation of porphyrin-conjugated cerasome from a
PORSIL lipid (Reprinted from Ref. [131], Copyright 2014, with permission from Wiley)

effective for preparing photofunctional cerasomes to load porphyrin photosensitizer
without causing its aggregation. It was found that the presence of the double-alkyl
chains avoided significant fluorescence self-quenching in such porphyrin-conjugated
cerasomes. Confocal laser scanning microscopy (CLSM) showed that the porphyrin-
conjugated cerasomes were highly fluorescent and were clearly observed inside the
cells as red spots distributing in the cytoplasm. In addition, the conjugation of por-
phyrin to cerasomes improved significantly the 'O, generation. Significant photo-
toxic effect on the cultured cells was observed after treatment of HeLa cells with
various concentrations of the porphyrin-conjugated cerasomes followed by subse-
quent irradiation with the light (400—700 nm). In addition, no obvious dark toxicity
was seen.

The blood circulation dynamics of the porphyrin-conjugated cerasomes was
investigated in comparison with the porphyrin-loaded liposomes. The decrease in
the blood fluorescence intensity of the porphyrin-conjugated cerasomes was only
33.5 % after intravenous injection for 24 h, showing dramatically prolonged and
slow clearance kinetics. On the contrary, the blood fluorescence intensity of the
porphyrin-loaded liposomes decreased to 30 % at 6 h, and almost no fluorescence
was observed at 24 h, exhibiting rapid clearance kinetics. It provided a strong evi-
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dence that the porphyrin-conjugated cerasomes can maintain a long circulation
without PEG chains.

In a word, the covalent linkage of porphyrins can prevent cerasomes from releas-
ing photosensitizers during systemic circulation and thus enhance the outcome of
PDT. The orderly arranging mode of porphyrins in the lipid bilayer improves the
efficacy of singlet oxygen production even at an extremely high number of porphy-
rins, effectively prevent fluorescence loss of porphyrins, and permitting a powerful
tool for in vivo imaging, photodynamic diagnosis, and therapy. The capability to
encapsulate chemotherapeutic drugs into the internal aqueous core of the porphyrin-
conjugated cerasomes enables to develop a drug-carrier system for the synergistic
combination of chemotherapy and PDT for the treatment of cancer. The porphyrin-
conjugated cerasomes have shown an avid uptake by malignant cells and cellular
phototoxicity under irradiation. There is no doubt that the dual-function nature of
the porphyrin-conjugated cerasomes will play an important role in future clinical
photodynamic theranostics.

10.6 Conclusions and Perspectives

In the last decades, liposomes have been shown to act as a universal drug delivery
system, confirmed by the use for noninvasive imaging diagnosis, real-time imaging
guidance, and remote-controlled therapeutics, especially imaging-guided therapeu-
tics, enabling personalized detection and treatment of diseases with high efficacy.
The combination of the favorable biodistribution of liposomes to tumors and their
microenvironments, as well as their prominent imaging contrast properties, offers
the exciting possibility of the simultaneous delivery and detection of therapeutic
agents in vivo. Overall, we believe that theranostic liposomes with superior proper-
ties constitutes a major advance in the application of nanotechnologies in medicine
and has opened up new ways for the diagnosis and treatment of important human
diseases such as cancer. Theranostic liposomes may further operate as a strategy to
individualize schedule and level of patient dosages and to evaluate therapeutic effi-
cacy at an early stage, ensuring personalized suitable changes in treatment strate-
gies, probably leading to an improvement in the survival prognosis for cancer
patients. These encouraging results point to a clinical translation in near future,
offering a new minimally invasive and local treatment option in cancer. Especially,
nanohybrid liposomal cerasomes will soon begin to reach their full potential as an
important class of theranostic nanoagents and will contribute to significant advances
in the treatment of many classes of diseases due to the unique features of cerasomes
including higher stability than conventional liposomes and lower rigidity and den-
sity than competing silica nanoparticles. All these efforts will of course require
interdisciplinary collaborations of chemists, physicists, biologists, and materials
scientists.
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