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1
Quantum Dots for Cancer Imaging
Yan Xiao and Xiugong Gao

1.1
Introduction

Although significant progress has been made in both the understanding and treat-
ment of cancer during the past 30 years, it remains the second leading cause of
death in the United States (US). The cancer community has been called to elimi-
nate cancer-related suffering and death by 2015, but to achieve this goal, ground-
breaking innovations in both the diagnosis and treatment of cancer are needed.
The noninvasive detection of cancer in its early stages is of great interest since
early cancer diagnosis, in combination with precise cancer therapies, could sig-
nificantly increase the survival rate of patients and eventually save millions of lives.
Nanomedicine, an emerging research area that integrates nanomaterials and bio-
medicine, has come into the spotlight because of its potential to provide novel
diagnostic tools for the detection of primary cancers at their earliest stages, and
to provide improved therapeutic protocols for the effective and highly selective
extermination of malignant cells. Although it could be simply described as the
application of nanotechnology to medicine, nanomedicine is actually a multidis-
ciplinary science that involves materials science, nanotechnology, physics, chem-
istry, biology, and medicine [1]. Research into nanomedicine will lead to the
understanding of the intricate interplay of nanomaterials with components of
biological systems.

Interest in nanomedicine burgeoned after the US National Institutes of Health
(NIH) announced a four-year program for nanoscience and nanotechnology in
medicine in December 2002 [2]. Nanoscience and nanotechnology, with their
potential applications in biomedicine, have been highlighted as “Priority Areas”
for funding opportunities by the National Science Foundation (NSF) since 2001
[3]. The NIH Roadmap’s new Nanomedicine Initiatives, first released in late 2003,
started funding a five-year plan to set up eight Nanomedicine Development
Centers from 2005 [4]. To harness the power of nanotechnology to radically change
the way in which cancer is diagnosed, treated and prevented, the National Cancer
Institute (NCI) announced in July 2004 the Cancer Nanotechnology Plan, which
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is outworked by the NCI Alliance for Nanotechnology in Cancer [5]. With the grand
level of attention and fervent study in the related areas, it is no longer a distant
dream that nanotechnology will radically transform clinical oncology by offering
high sensitivity and localized treatment for cancers with increasing variety of
nanomaterials.

“Nanomaterials” is a general term used to describe structures with morphologi-
cal features smaller than a one-tenth of a micrometer in at least one dimension
[6]. In recent years the arsenal of nanomaterials has continued to expand, and now
include seven major categories based on their composition: carbon-based nano-
materials, nanocomposites, metals and alloys, biological nanomaterials, nanopoly-
mers, nanoglasses, and nanoceramics. On the other hand, nanomaterials can be
classified according to their shape as nanoparticles, nanotubes, nanorods, or
nanowires, and so on. The heart of nanomedicine lies in the ability to shrink the
size of the tools and devices, based on various nanomaterials, to the nanometer
size range. Indeed, the elementary functional units of biological systems—pro-
teins/enzymes, nucleic acids (DNAs, RNAs), membranes, and many other cellular
components—are all on the nanometer scale. Therefore, there are many points of
intersection between nanoscience and nanotechnology and the biological sciences.
It is predicted that many nanotechnologies will soon become translational tools
for medicine, and move quickly from laboratory discoveries to clinical tests and
therapies.

Among various nanomaterials, quantum dots (QDs) distinguish themselves in
their far-reaching possibilities in many avenues of biomedicine. QDs are nanom-
eter-sized semiconductor crystals with unique photochemical and photophysical
properties that are not available from either isolated molecules or bulk solids. QD
research started in 1982 with the realization that the optical and electric properties
of small semiconductor particles were heavily dependent on particle size due to
quantum confinement of the charge carriers in small spaces [7, 8]. During the next
two decades, extensive research was carried out for potential applications in opto-
electronic devices, QD lasers and high-density memory. In 1998, two seminal
reports simultaneously demonstrated that QDs could be made water-soluble and
could be conjugated to biological molecules, providing the first glimpse of the vast
potential of QDs as probes for studying biological systems [9, 10]. In comparison
with organic dyes and fluorescent proteins, QDs have the advantages of improved
brightness, resistance against photobleaching, and multicolor fluorescence emis-
sion. These properties could improve the sensitivity of biological detection and
imaging by at least one to two orders of magnitude. Significant improvements
have been made in the synthesis, surface modification, and biofunctionalization
of QDs in the following years and, indeed, the current literature is rife with exam-
ples of QDs used in various biomedical applications. It can now be said with
confidence that QDs have completed the transition from a once curious demon-
stration of quantum confinement in semiconductors to ubiquitous fluorophores
providing unique insights into biological investigations [11].

In this chapter, an attempt will be made to provide a comprehensive, state-of-
the-art overview of QD applications in cancer imaging. Following a brief introduc-
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tion of the topic within the broad background of biomedicine, cancer and its
imaging requirements will be briefly overviewed. The following section describes
the photophysics and chemistry of QDs, and a provides a clear understanding of
the merits of using QDs in bioimaging, as well as the requirements and challenges
in the synthesis, surface modification and bioconjugation of QDs in order to make
them amenable to bioimaging applications. Next, some recent advances in the use
of QDs in various imaging applications for cancer detection and diagnosis are
detailed, both in vivo and in vitro. The literature cited in this section is confined to
reports that are germane to cancer studies. Finally, the issue of QD cytotoxicity
and potential safety concerns is briefly covered, followed by a summary of the
chapter and some future perspectives on QD applications in cancer imaging.

1.2
Cancer

The word “cancer” derives from the Latin term for crab, the basis if which related
to the fourteenth century when a Greek physician first used the term to describe
a disease of which the swollen mass of blood vessels around a malignant tumor
resembled the shape of a crab. In modern dictionaries, cancer is referred to as a
malignant tumor of potentially unlimited growth that expands locally by invasion,
and systemically by metastasis.

1.2.1
A Primer on Cancer Biology

Cancer is not a single disease but rather a family of different diseases. In humans,
there may be more than 200 different cancers [12], based primarily on the part of
the body in which the cancer first develops, referred to as the primary site. The
human body, and any other multicellular organism alike, can be viewed as a
society or ecosystem, the individual members of which—the cells—reproduce by
cell division and organize into collaborative assemblies or tissues. Cancer is the
result of mutation, competition, and natural selection that occurs in the population
of somatic cells, leading to an abnormal state in which individual mutant cells not
only prosper at the expense of their neighbors but also ultimately destroy the whole
cellular society and die. Research has indicated that most cancers derive from a
single abnormal cell, and are probably initiated by a change in the DNA sequence
of that cell [13]. Cancerous cells are, on the one hand, self-sufficient in growth
signals and, on the other hand, insensitive to anti-growth signals and can evade
apoptosis—a process by which a cell is commanded by the environment to die [14].
As a result, these cells multiply at an exponential growth rate in an uncontrolled
fashion, leading to the formation of a tissue lump called a malignant tumor. Gradu-
ally, the tumor tissue grows bigger and invades the adjacent tissues and organs,
obstructing normal physiological functions and usually causing great pains in
the patient. In many cases, the invading tumor can break loose and enter the
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bloodstream or lymphatic vessels and form secondary tumors at other sites of the
body-—a process termed metastasis. The more widely a cancer metastasizes, the
more difficult it becomes to eradicate. Over time, the tumor may cause malfunc-
tioning of various organs, and ultimately proves to be fatal.

1.2.2
The Importance of Early Cancer Detection and Diagnosis

Despite rapid advances in global cancer research towards the understanding and
treatment of cancer during the past several decades, the disease remains the
second leading cause of death in the US, and has become the leading cause of
death for patients under the age of 85 years since 1999. It is estimated that, in
2008, there will have been 1437180 new cases and 565650 deaths of all cancers
in the US [15]. Cancer primary sites with the highest incidence rate and/or death
rate include the breast for women, prostate gland for men, and colon and rectum,
lung and bronchus, non-Hodgkin lymphoma, pancreas, urinary bladder for both
sexes, based on the data during the period 2000-2004 in the US [15].

The clinical outcome of cancer diagnosis is strongly related to the stage at which
the malignancy is detected. The mortality of cancer would decrease substantially
if it were to be detected at an early stage, when the disease could be more effectively
treated. This is especially true for breast and cervical cancer in women and color-
ectal and prostate cancer in men. When diagnosed early, the tumor is confined to
the organ of origin, and can be either resected surgically, or treated with radiation
therapy and/or systemic chemotherapy. However, most solid tumors are currently
detectable only after they reach a size of ~1cm in diameter, by which time they
contains millions of cells. Sadly, by this point metastasis may have already taken
place so that treatment becomes much more difficult, if not impossible. The five-
year relative survival rate for all cancers increased from 50% in 1975-1977 to 66%
in 1996-2003 [15], due to progress in diagnosing certain cancers at an earlier stage,
as well as improvements in treatment.

Cancer detection and diagnosis means an attempt to accurately identify the
anatomical site of origin of the malignancy, and the type of cells involved. The
most commonly used techniques in current clinical practice are tissue biopsy and
medical imaging, and sometimes a bioanalytic assay of the body fluids. Biopsy can
provide information about the histological type, classification, grade, potential
aggressiveness and other information that may help to determine the best treat-
ment regime, and also has the advantage that any tissue abnormality can be
examined at the cellular level. However, biopsy is practical only if the tumor is
located near the surface of the body, where a tissue sample can be easily retrieved
for microscopic evaluation. When the tumor is inaccessible for a biopsy, then reli-
ance must be placed on medical imaging techniques to detect the location of the
tumor. Existing noninvasive imaging techniques include computed tomography
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET),
single photon emission CT (SPECT), ultrasound, X-ray imaging, and optical
imaging. These imaging methods are effective for the macroscopic visualization



1.2 Cancer

of tumors and, if combined with biopsies, they are able not only to confirm the
presence of tumors but also to pinpoint the primary and/or secondary sites of the
lesion.

However, none of the existing techniques is sufficiently sensitive and/or specific
to detect abnormalities at the microscopic level, and is thus unable to identify
tumors at their incipient stage—not to mention precancerous lesions at the molec-
ular level. In recent years, substantial research efforts have been applied to the
development of better cancer imaging techniques [16], and significant progress
has been seen in the development of nanoparticle-based, highly sensitive contrast
agents [17]. Nanoparticle-based contrast agents such as QDs have strong potential
for early cancer detection and diagnosis as they are bright and photostable, and
can offer the possibility for multiplex biomarker imaging.

1.2.3
The Role of Biomarkers in Cancer Early Detection and Diagnosis

Today, it is well recognized by the cancer community that biomarkers play an
increasingly important role in the effective treatment and management of cancer.
Biomarkers are cellular indicators of physiologic state, and also of changes during
a disease process. Carcinogenic transformation often results in the secretion of
elevated levels of abnormal molecules or biomarkers into the body fluids, and
these markers can provide information on the occurrence and progression of the
disease. Many proteins have been identified as specific markers for a variety of
cancers [18]. For example, serum levels of prostate-specific antigen (PSA) are
elevated in prostate cancer patients, and today this is the best-known cancer
biomarker in clinical use [19]. Cancer antigen (CA)-125 is recognized as an ovarian
cancer-specific protein, which is present in a subset of ovarian cancer patients [20].
The identification of such biomarkers is of major interest for cancer early detection
and diagnosis.

During the past few years, there has been increasing interest and enthusiasm
in molecular markers as tools for cancer detection and diagnosis. Targeted cancer
imaging using biomarkers is usually more sensitive and specific than nontargeted
imaging. In addition, recent advances in high-throughput technologies in genom-
ics, proteomics and metabolomics have facilitated the discovery of cancer biomark-
ers. These biomarkers may be genes or genetic variations, changes in mRNA and/
or protein expression, post-translational modifications of proteins, or differences
in metabolite levels. Some newly identified biomarkers and their use in cancer
research have been described in recent reviews [21, 22]. Depending on their type,
these biomarkers can be potentially useful for predicting several outcomes during
the course of the disease, including risk assessment, early detection, prognosis,
disease progression, recurrence prediction, and therapeutic responses. For
instance, one of the most important uses of biomarkers is the classification of a
specific tumor (when one has been detected) into its various subtypes since, for
many cancers, each of these subtypes has a drastically different prognosis and a
preferred method of treatment. In spite of the critical importance of the diagnosis

7
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of cancer subtypes, many cancers do not yet have a reliable test to differentiate
between their many different subtypes, for example, highly invasive tumors versus
their less-fatal counterparts. The final judgment is usually left to the expert opinion
of a pathologist who examines the tumor biopsy, with such judgment being una-
voidably subjective. With the advent of high-throughput genomic and proteomic
data of cancer specimen, it is becoming apparent that many cancer subtypes can
be distinguished by the expression level of a specific biomarker or the expression
profile of a panel of biomarkers [21].

In the pursuit of sensitive and quantitative methods for biomarker analysis,
nanotechnology has been heralded as a field of great promise. Semiconductor QDs
could enable the detection of tens to hundreds of cancer biomarkers in blood
assays, and on cancer tissue biopsies. With the emergence of gene and protein
profiling and microarray technology, the high-throughput screening of biomarkers
has generated databases of genomic and expression data for certain cancer types,
and this has led to the identification of new, cancer-specific markers [21]. Today,
QDs are being used to expand this in vitro analysis and to extend it to cellular,
tissue and whole-body multiplexed cancer biomarker imaging. QDs also continue
to show promise in personalized medicine, which may be highly desirable to treat
a patient uniquely for his or her distinct cancer phenotype [22]. Therefore, QDs
bear potential impact for improving the diagnosis and treatment of cancer.

1.3
Quantum Dots: Physics and Chemistry

QDs are semiconductor nanocrystals which have a near-spherical shape and a
diameter in the range of 1 to 10nm [23]. By virtue of this nanoscale size, which is
comparable to electron delocalization lengths (tens to hundreds of Angstroms),
QDs possess certain unique physical properties that are unavailable in either
individual atoms or bulk semiconductor solids. These properties, which are desir-
able for biological imaging, and when combined with the development of ways to
solubilize QDs in solution and to conjugate them with biological molecules, have
led to an explosive growth in their biomedical applications.

1.3.1
Photophysical Properties of QDs

In physics, solid-state materials are classified into three categories based on their
electrical conductivity, namely insulators, semiconductors, and conductors. The
conductivity is often rationalized as the energy difference between the valence
band and the conduction band, called bandgap energy (E,). When an electron in
the valence band gains energy (either thermally or by the absorption of a photon)
that is equal to or greater than E,, it enters the conduction band, leaving behind
a positively charged hole in the valence band, thus forming electron-hole pairs
which are charge carriers; this process is called excitation. The bandgaps in semi-
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conductor materials are small enough that some electrons may be excited ther-
mally at room temperature to form charge carriers. An electron in the excited state
at the conduction band may relax back to its ground state at the valence band
through recombination with its hole, resulting in the emission of a photon, in the
form of fluorescence, with the same energy as the bandgap E,. Thus, the wave-
length of the fluorescence emission is determined by the E, of the semiconductor
material. For bulk semiconductor materials, E, is dictated by its composition only.

When one or more dimensions of a semiconductor are reduced under the Bohr
exciton radius, which is typically a few nanometers, the so-called “quantum con-
finement effect” is observed [24]. The reduction of one dimension leads to a
structure called a quantum well, where the semiconductor material is in the form
of thin sheets only a few atoms thick; a reduction in two dimensions leads to the
structure of quantum wires. When all the three dimensions are reduced to the
nanometer scale, tiny spherical semiconductors—QDs—are formed. Under such
situations, the bandgap energy E, is quantized, with the value being directly related
to the QD’s size. In other words, the energy is no longer only a function of the
semiconductor composition, but also of its size. The quantum confinement effect
could be most accurately explained by quantum mechanical models, which may
be enigmas for most readers with a background in biology and are certainly beyond
the scope of this chapter. However, the interested reader may find in the literature
a simplified explanation using the “particle in a box” analogy [25].

Due to the quantum confinement effect, it is possible to systematically control
the electronic energy level spacings and, as a result, the wavelength of light emis-
sion, by adjusting the size of the semiconductor. This is the fundamental principle
behind the unique photophysical properties of QDs. With different sizes and
compositions, QDs can emit fluorescent light with wavelengths over a wide range
spanning regions from the ultraviolet, through the visible, into the infrared [26-30]
(Figure 1.1a). In addition, as QD emission is due to a radiative recombination of
an exciton, it is also characterized by a long lifetime (>10ns), and a narrow and
symmetric energy band [32] (Figure 1.1b). In comparison with traditional organic
fluorescent molecules, which are usually characterized by red-tailed broad emis-
sion band and short fluorescence lifetimes, QDs have several attractive optical
features that are desirable for long-term, multitarget and highly sensitive bioimag-
ing applications.

First, QDs have very large molar extinction coefficients [33], typically of the order
of 0.5-5 x 10°M ' cm™"; this is approximately 10- to 50-fold higher than those of
organic dyes, which means that QDs are capable of absorbing excitation photons
much more efficiently. The higher rate of absorption is directly correlated to the
QD brightness, and it has been found that QDs are approximately 10- to 20-fold
brighter than organic dyes [9, 10, 34]. As a result, QDs are highly sensitive fluo-
rescent agents, allowing for the highly efficient fluorescence labeling of cells and
tissues. This is of particular importance for cancer diagnosis, as many cancer
biomarkers exist in low copy numbers and/or at low concentrations.

Second, QDs have excellent photostability, being typically several thousandfold
more stable against photobleaching than organic dyes [35]. This feature allows the
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real-time monitoring of biological processes over long periods of time, and is
essential for cancer biomarker assays and in vivo imaging where much longer
times are needed.

In addition, QDs have a longer excited state lifetime (20-50ns), which is about
one order of magnitude longer than that of organic dyes [32]. This allows the effec-
tive separation of QD fluorescence from background fluorescence by using a
time-gated or time-delayed data acquisition mode [36]. In this mode, signal acquisi-
tion is not started until the background autofluorescence disappears largely, since
this way the signal-to-noise ratio (SNR) will be increased dramatically, resulting
in a significantly improved image contrast [37, 38]. Therefore, QDs are highly
suitable for time-correlated lifetime imaging spectroscopy.

Moreover, QDs have broad absorption bands, narrow emission bands, and a
large Stokes shift (Figure 1.1b). Unlike organic dyes, the excitation and emission
spectra of QDs are well separated. Depending on the wavelength of the excitation
light, the Stokes shift of QD may be as large as 400nm, and this allows further
improvement of detection sensitivity in imaging tissue biopsies and living organ-
isms [39]. Biological specimens contain a variety of intrinsic fluorophores such as
proteins and cofactors, yielding a significant background signal that decreases
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probe detection sensitivity. The peak of the intrinsic fluorescence falls in the blue
to green spectral region. Due to the broad absorption band and the large Stokes
shift, QDs can be tuned to emit with longer wavelengths in the red or infrared
spectra, where autofluorescence is diminished.

Lastly—and most importantly—the wavelength of QD emission is size-tunable,
which is a unique feature of QD materials in comparison with organic dyes. The
size-dependent emission of QDs allows the imaging and tracking of multiple
targets simultaneously, using a single excitation source. This is of particular
importance in cancer detection and diagnosis, since it has been realized that a
panel of disease-specific molecular biomarkers can provide more accurate and
reliable information with regards to the disease status and progression than can
any single biomarker [21]. Although theoretically possible, the multiplexing of QD
signals would not be practically feasible without the combination of their charac-
teristic broad absorption bands and narrow emission bands. While broad absorp-
tion bands allow multiple QDs to be excited with a single light source of short
wavelength—thus simplifying instrumental design and increasing detection
speed—their narrow emission bands (as small as 20nm in the visible range) allow
for distinct signals to be detected simultaneously, with very little overlapping
(Figure 1.1D). In stark contrast, organic dyes and fluorescent proteins have narrow
absorption bands but relatively wide emission bands, rendering the detection of
separated signals from distinct fluorophores more difficult.

13.2
Quantum Dot Chemistry

The development of QD-based fluorescent probes involves a multistep process that
includes synthesis, surface passivation, solubilization, and bioconjugation.

1.3.2.1 Synthesis

QD crystals are composed of hundreds to thousands of atoms that typically belong
to Group Il and VI elements (e.g., CdSe, CdTe, ZnSe) or Group III and V elements
(e.g., InP and InAs) in the Periodic Table. Among the various synthetic methods
that have been reported, two are most popular. Early studies used aqueous-phase
synthesis in reverse micelles; this produces water-soluble QDs but they are usually
of low quality [40]. In order to produce high-quality QDs, later studies used a
method in which the synthesis was carried out at an elevated temperature in an
organic solvent, and this has now becomes the most widely used technique of
synthesizing highly homogeneous and highly crystalline QDs. The solvent is
nonpolar with a high boiling point, and is most commonly a mixture of trioctyl-
phosphine, trioctylphosphine oxide (TOPO), and hexadecylamine, all of which
have long alkyl chains [26, 41, 42]. The purpose of using hydrophobic organic
molecules as mixed solvents is two-fold. First, the mixture serves as a robust reac-
tion medium, and second, their basic moieties also coordinate with unsaturated
metal atoms on the QD surface to prevent the formation of bulk semiconductors.
As a result the ligand alkyl chains are directed away from the QD surface, forming
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a highly hydrophobic monolayer that is only soluble in nonpolar solvents such as
chloroform and hexane.

1.3.2.2 Surface Passivation

The QD nanocrystal core (e.g., CdSe) is often coated with a shell of a wider
bandgap semiconductor material (e.g., ZnS or CdS). This process, which often is
called surface passivation, is extremely important as it serves multifold purposes
[43, 44]. First, it protects the core from oxidation, and prevents the leaching of
highly toxic Cd** ions. More importantly, it drastically improves the quantum yield
by reducing surface defects and thus preventing nonradiative decay. Nonradiative
recombination events occurring at surface defects decrease fluorescence efficiency.
Due to the large surface-to-volume ratio of QD nanoparticles, surface-related
recombination resulting from the localized trapping of carriers is considered to
be one of the main factors that reduce the emission efficiencies of QDs [45]. The
use of a higher bandgap semiconductor as a passivation shell confines the charge
carriers to the core QD, thus minimizing surface recombination and leading to a
significant improvement (up to >50%) in fluorescence quantum yields [44]. CdSe
is normally passivated with ZnS, resulting in a structure referred to as (CdSe)ZnS
or CdSe/ZnS, but ZnSe and CdS are also commonly used [44, 46, 47].

1.3.2.3 Water Solubilization

QDs produced using most of the synthesis strategies (especially the hot solvent
method) are water-insoluble. For biological applications, these hydrophobic parti-
cles must first be rendered hydrophilic so that they are soluble in aqueous buffers.
Two general strategies have been developed for the surface modification (Figure
1.2), namely ligand or cap exchange, and native surface modification by amphiphilic
polymer coating [48].

In ligand or cap exchange the hydrophobic ligands on the QD surface are
replaced with bifunctional ligands such as mercaptoacetic acid or mercaptosilane
[9, 10]. The bifunctional ligands have two moieties, one which binds strongly to
the QD surface (e.g., thiol), and the other which points out from the QD surface,
forming a hydrophilic shell (e.g., hydroxyl, carboxyl). This method, which often is
called “cap exchange,” has two disadvantages: (i) an increased tendency to form
particle aggregation, thus decreasing fluorescent efficiency; and (ii) an increased
potential toxicity due to the exposure of toxic QD elements as a result of desorption
of labile ligands from the QD surface.

In native surface modification, the native hydrophobic ligands (e.g., TOPO) are
retained on the QD surface, but an amphiphilic polymer is introduced to interact
favorably with the hydrophobic alkyl chains, while simultaneously leaving the
hydrophilic segment directed away from the QD surface, thus rendering the QDs
water-soluble. Several such polymers have been reported, including octylamine-
modified polyacrylic acid [49], polyethylene glycol (PEG)-derivatized phospholipids
[50], block copolymers [39], and amphiphilic polyanhydrides [51]. As the original
hydrophobic ligands (TOPO) are retained on the inner surface of QDs, the QD
core is shielded from the outside environment by a hydrocarbon bilayer. Thus,
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this latter method is more advantageous than the first at maintaining the QD
optical properties and storage stability in aqueous buffer over a broad range of pH
and salt concentrations [39], as well as having a reduced cytotoxicity [51], but
unfortunately increases the overall size of the QD probes. To date, however, this
is the preferred procedure for the commercial production of water-soluble QDs.

1.3.2.4 Bioconjugation

For biological applications such as cellular imaging, QDs must be conjugated to
biomolecules (e.g., proteins, antibodies, peptides, DNA, etc.), and for this several
approaches have been developed (Figure 1.3) [52]. A commonly used strategy is to
use QDs that contain streptavidin, which provides a convenient and indirect link
to a variety of biotin-tagged biomolecules [49, 53-56] (Figure 1.3a). However, since
the streptavidin-biotin complex is quite bulky, in cases where QD particle size is
a consideration, for example when intracellular pores have to be crossed or cellular
transport proteins are targeted, small covalent linkages are often preferred. As
most solubilization methods results in QDs capped with ligands containing
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hydrophilic groups such as carboxylic acids and maleimides, biomolecules con-
taining basic functional groups such as amines and thiols can form stable amide
or thioether bonds directly with QDs (Figure 1.3b,c) or through heterobifunctional
crosslinkers [10, 49, 50, 57-60]. QDs in aqueous buffer solutions are negatively
charged; therefore, positively charged molecules, such as cationic avidin proteins
or recombinant maltose-binding proteins fused with positively charged peptides,
could be conjugated to QDs through electrostatic interactions [53, 61-63] (Figure
1.3d). More detailed reviews on this topic can be found elsewhere [31, 52, 64].

It should be pointed out that none of these methods can control the number of
proteins per QD. There is also a lack of experimental tools to control the orienta-
tion of a protein immobilized on the QD surface. For specific targeting, it is highly
desirable that the delivery proteins (e.g., antibody) are properly oriented and fully
functional. Goldman et al. first explored this area by using a fusion protein as an
adapter for immunoglobulin G antibody coupling to QDs [63]. The adapter protein
has a protein G domain for binding to the antibody Fc region, and a positively
charged leucine zipper domain for electrostatic interaction with negatively charged
QDs. As a result, the Fc end of the antibody is attached to the QD surface, leaving
the target-specific F(ab’), domain facing outwards. As the bioconjugation step is
critical to the success of bioimaging, the surface engineering of QD nanoparticles
represents a field that will require much further study in the future.

1.4
Cancer Imaging with QDs

Bioconjugated QD fluorescent probes offer a promising and powerful imaging
tool for cancer detection and diagnosis. Their much greater brightness, rock-solid
photostability and unique capabilities for multiplexing, combined with their intrin-
sic symmetric and narrow emission bands, have made them far better substitutes
for organic dyes in existing diagnostic assays. Following the two seminal reports
in Science during 1998, demonstrating the feasibility of using QDs in biological
environments [9, 10], many new techniques have been developed during the past
decade, utilizing the unique photophysical properties of QDs, for the in vitro bio-
molecular profiling of cancer biomarkers, in vivo tumor imaging, and dual-func-
tionality tumor-targeted imaging and drug delivery (Table 1.1). Some of these
emerging technologies are currently being improved and integrated into clinical
practice in oncology, and may have important implications for the diagnosis,
prognosis, and therapeutic management of cancer patients in the near future.

1.4.1
In Vitro Screening and Detection of Cancer Biomarkers Using Microarrays

As the clinical outcome of cancer patients is heavily dependent on the stage at
which the malignancy is detected, early screening is extremely important in
any type of cancer. Techniques currently available in clinical practice for cancer
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Table 1.1 Summary of quantum dots applications in cancer imaging.

Imaging type Applications References
In vitro High-throughput ~ Profiling cancer biomarker [65-67]
screening and expression on tissue microarrays

detection of (TMAs)

cancer biomarkers
Cancer biomarker detection in (68, 69]
fluidic biological specimens
using microarrays

Cellular labeling Cancer biomarker labeling by (49, 66,

of cancer immunohistochemistry (IHC) in ~ 70-85]

biomarkers fixed cells and tissue sections
Cancer genetic mapping by (84, 86-91]
fluorescence in situ hybridization
(FISH)

Live cell imaging Labeling and imaging of (49, 54, 70,
cell-surface receptors in cancer 81, 92-100]
cells
Labeling and imaging of [10, 101-129]
intracellular targets in cancer
cells

In vivo In vivo tracking of ~ Cancer cell tracking for homing,  [39, 114, 115,

cancer cells migration, engrafting, and 130, 131]
metastasis potential.

Tumor Nontargeted imaging of tumor [130, 132]

vasculature vasculature

imaging
Targeted imaging of tumor [133, 134]
vasculature

Sentinel lymph SLN mapping in tumor-bearing [135-137]

node (SLN) animals

mapping
Fluorescence lymphangiography  [138, 139]
for studying the lymphatic
drainage networks

Whole-animal Targeted molecular imaging of [39, 60, 100,

tumor imaging tumors in animals 107, 125, 133,

140-143]
Nontargeted imaging of tumors [130, 144]

in animals
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Table 1.1 Continued

Imaging type Applications References
Multimodality Positron emission  Dual-modality imaging probe for  [145, 146]
tomography (PET)  both NIR fluorescence imaging
and PET
Magnetic Dual-modality imaging probe for  [147, 148]
resonance both NIR fluorescence imaging
imaging (MRI) and MRI
Multifunctionality ~ Drug delivery QD-based nanoparticles for [107, 149]
imaging and drug delivery
Small interfering QD-based nanoparticles for [128, 150]
RNA (siRNA) imaging and siRNA delivery
delivery

diagnosis such as medical imaging and tissue biopsy are neither highly sensitive
nor highly specific for the detection of cancers at their incipient stage. In compari-
son, cancer screening and diagnosis using molecular biomarkers is usually
more sensitive and specific, and is at the same time less invasive, less laborious,
and less expensive. There is also a growing belief that a panel of markers
rather than one marker alone will predict a more accurate outcome. Herein,
lies the great potential offered by QDs, which can be used as sensitive probes
for the screening and detection of cancer markers in clinical specimens. The
intense and stable fluorescent properties of QDs, coupled with their multiplexing
capacity, could enable the screening and detection of tens to hundreds of
cancer biomarkers in in vitro diagnostic assays, promising for rapid and accurate
clinical diagnostics.

In theory, QDs are particularly well suited to microarray applications, especially
when multiplexing is needed. However, in most array applications developed to
date, organic fluorescent dyes such as Cy3, Cy5, fluorescein isothiocyanate (FITC)
and the Alexa series were used. One possible reason for this lies in the fact that
array imaging is less demanding on fluorescence stability, by virtue of the high-
speed laser scanners used. Nonetheless, it has been shown that Alexa Fluor 488
faded quickly during laser scanning cytometry (LCS) rescanning, with only 75%
fluorescence intensity remaining after five scans; in contrast, QDs remained
almost unchanged (98%) after the same number of scans [86].

During the past few years, many reports have been made where QDs were used
as fluorescence probes in array imaging. Among these, several have been related
to cancer biomarker identification and detection [65-69]. Ghazani et al. first dem-
onstrated the use of QD bioconjugates as fluorescence probes for profiling the
protein expression of tumor antigens on tissue microarrays (TMAs) [65]. Multi-
plexed staining with QDs of different emission spectra allowed the simultaneous
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QD immunostaining (of different color

detection of epidermal growth factor receptor (EGFR), E-cadherin, and cytokeratin
on formalin-fixed and paraffin-embedded (FFPE) A549 lung carcinoma tissue sec-
tions (Figure 1.4). In this study, the use of QDs in conjunction with optical spec-
troscopy provided a tool to obtain a sensitive, accurate and quantitative measurement
on a continuous scale that was not attainable by using traditional methods. Sub-
sequently, QD-based tissue microarrays have been used successfully to distinguish
tumor tissues from normal tissues in clinical samples [66, 67]. Zajac et al. devel-
oped a QD-based microarray platform that is potentially useful for cancer biomar-
ker detection in fluidic biological specimens such as serum, plasma, and body
fluids [68]. For this, the QDs were conjugated to the detector antibody either
directly or via streptavidin-biotin interaction. In a series of multiplexing experi-
ments, these authors were able to detect six different cytokines down to picomolar
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concentrations, thus demonstrating the high sensitivity of the QD-based detection
system. In another study, Gokarna et al. reported the fabrication of QD-based
protein biochips for the detection of the prostate cancer biomarker, PSA [69]. Here,
the QDs were conjugated directly to anti-PSA antibodies in order to minimize any
nonspecific binding, while retaining the high affinity of the QD bioconjugates.
With an array spot size down to the nanometer scale, the authors were able to
demonstrate the potential of nanoarrays for the detection of biomolecular interac-
tions at the molecular level.

Although published reports in this area are sparse, the results of these studies
have proved that QDs are highly promising for the high-throughput sensitive and
specific detection of cancer biomarkers, and will undoubtedly inspire further
investigation in the near future that, ultimately, will lead to efficient the in vitro
screening and detection of various types of cancers.

1.4.2
In Vitro Cellular Labeling of Cancer Biomarkers

Determination of the expression and spatial distribution of molecular biomarkers
in patient tissue specimens has substantially improved the pathologist’s ability to
classify disease processes. Many disease pathophysiologies, including cancers, are
marked by the characteristic increased or decreased expression of certain biomark-
ers. Diagnostic and prognostic classifications of human tumors are currently based
on immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH),
both of which have been used for almost a century. However, traditional IHC or
FISH is mostly qualitative rather than quantitative, and is consequently subjective
to an individual pathologist’s bias. Moreover, traditional methods using organic
dyes have a single-color nature and are unable to perform the multiplexed detec-
tion of several biomarkers simultaneously. In recent years, QDs have been used
successfully in place of organic dyes in IHC and FISH analysis for labeling cancer
biomarkers in fixed cells or tissue specimens. In many cases, the quantitative and
simultaneous profiling of multiple biomarkers has been achieved by virtue of their
intense and stable fluorescence, coupled with their multiplexing capacity. In addi-
tion, QDs have been applied successfully to live cell labeling for basic biological
studies, as well as for developing clinically relevant applications for cancer detec-
tion and therapy.

1.4.2.1 Labeling of Fixed Cells and Tissues

The application of bioconjugated QDs for specific cancer biomarker labeling by
IHC was first reported in 2003, when Wu et al. used QDs to label the breast cancer
marker HER2 on the surface of SK-BR-3 cells, and in tissue sections from mouse
mammary tumors [49]. These authors showed the labeling signals to be specific
for the intended target, and to be brighter and considerably more photostable than
comparable organic dyes. These results indicated that QD-based probes could be
very effective in cellular imaging, and offered substantial advantages over organic
dyes in multiplex target detection. This study was the first step towards using
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QD-based diagnostics to help guide therapeutic decisions for cancer patients.
Subsequently, many different cellular biomarkers, both general and/or specific to
various cancers, have been labeled using QDs in fixed cells and tissues, including
HER?2 [49, 66, 70-73], estrogen receptor (ER) [71, 73] and EGFR [71] for breast
cancer, CA125 for ovarian cancer [74], PSA for prostate cancer [75], (potentially
useful) biomarkers of risk for colorectal cancer [76], tumor vasculature cluster of
differentiation (CD) markers [77, 78], cytokeratin 18 on ovarian tumors [78], adren-
ocorticotropic hormone (ACTH) in pituitary adenoma [71], as well as mortalin [79],
p-glycoprotein [80], carcinoembryonic antigen (CEA) [81], telomerase [66] and
tumor-associated carbohydrate antigens [82] that each have differential expression
levels and/or expression patterns in various cancer cells in comparison with
normal cells. These studies have made it clear that QD are superior to organic
dyes for cellular biomarker labeling in fixed cells and in FFPE tissue sections of
tumor biopsies.

As no single biomarker can effectively predict all stages of cancer, an accurate
diagnosis and prognosis of cancer must rely on a suite of several markers. There-
fore, there is a growing need for multiplex staining due to the limited quantity of
clinical samples. The optical properties of QDs have engendered considerable
interest in their application to multiplex IHC for the simultaneous identification
and colocalization of multiple biomarkers. By using QDs with different emission
spectra, the practicality of the simultaneous detection of two cellular targets with
one excitation wavelength was first demonstrated by Wu et al. [49]. In this case,
HER?2 on the cell surface and nuclear antigens in the nucleus of SK-BR-3 cells
were detected simultaneously with QDs of different wavelengths conjugated to
different secondary detection reagents. Subsequently, Kaul et al. studied the sub-
cellular distribution of two heat-shock proteins, mortalin and heat-shock protein
(HSP) 60, by double-labeling cells with red- and green-emission QDs, respectively
[83]. These authors were able to visualize minute differences in the subcellular
niche of these two proteins in normal and cancer cells. Fountaine et al. reported
that five different cellular markers could be analyzed simultaneously on the same
section of routinely processed FFPE tissues by using QDs with distinct emission
spectra [77]. Later, Bostick et al. described a QD-based THC system that could
detect, simultaneously, up to six biomarkers that were potentially useful for pre-
dicting the risk of colorectal cancer [76]. Itoh et al. simultaneously detected two
breast cancer biomarkers, HER2 on the cell membrane and ER in the nucleus, in
human breast tissues [71]. These authors showed that very weak signals produced
by conventional immunofluorescence and/or enzyme-labeled antibody methods
could be significantly enhanced using QD labeling. Very recently, Xu et al. also
reported the simultaneous detection of HER2 and ER in FFPE human breast
cancer tissue using QDs emitting at 550 and 610nm [73]. Sensitive spectra and
images obtained in this study made possible the quantitative measurement of
subcellular proteins inside the tumor tissues. Whilst all of the above-described
reports on multiplex labeling have relied on sequential staining, which is both
time-consuming and laborious, Sweeney et al. have recently developed a single-
step, multiplex staining method in which streptavidin-conjugated QDs are conju-
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gated to biotinylated primary antibodies; this enabled the multiplexed labeling of
up to three cellular biomarkers on FFPE samples [78]. Shi et al. also reported the
concurrent staining of three proteins in fixed cells [75].

Although the high intensity and photostability of QDs make the quantitative
analysis of immunofluorescence signals possible, until now QD-based IHC for
cancer biomarker detection has been mostly qualitative, with very few studies
having attempted the quantitative analysis of biomarker expression [70, 73, 75, 76,
78]. Robust quantitation allows biomarker validation, as well as an accurate diag-
nosis of cancer progression, and to this end the present authors’ group has been
investigating the development of a quantitative IHC imaging system that com-
bines the advantages of QD fluorescence imaging with the high sensitivity and
specificity of IgY antibodies developed for cancer biomarkers. As a consequence,
the relative quantitation of cancer biomarkers HER2 and telomerase has been
demonstrated in tissue microarrays of patient and control tissues [66] (Figure
1.5a). Although the patient numbers were small, the study demonstrated the fea-
sibility of the relative quantitation of cancer biomarkers with IgY and QD fluoro-
phores, and showed promise for rigorous clinical validation in large patient
cohorts. By using SK-BR-3 and MCF-7 as reference control cell lines, this assay
platform allows for the accurate quantitative measurement of HER2 expression in
breast cancer specimens [84]. Karwa et al. also reported quantitative multiplexed
detection of inflammation biomarkers in tissue sections using QD conjugates
where the quantitation of biomarker expression by fluorescence intensity corre-
lated well with clinical disease severity in a mouse colitis model [85].

(a)

Figure 1.5 (a) Immunohistochemistry with BAC CTD-2019C10 probe and QD
detection of breast cancer biomarker HER2 fluorophores for HER2 gene amplification
with anti-HER2 1gY antibody and QD detection in fixed cell culture of breast cancer
fluorophores in breast cancer TMA sections SK-BR-3 cells (left) and of normal PB-6 cells
with HER2 overexpression (left) and with (right).

normal HER2 expression (right); (b) FISH
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Today, FISH is used routinely in research and clinical laboratories for applica-
tions such as gene mapping, quantitation of gene copy number in tumors with
gene amplification, or quantitation of the density of telomere repeats at the ends
of human and mammalian chromosomes. Unfortunately, reports on the use of
QDs (conjugated to oligonucleotide probes) as fluorescent tags in FISH have been
relatively few in number, reflecting the technical difficulties of this endeavor, such
as the optimization of QD/oligonucleotide conjugation, signal stability, tissue
autofluorescence, and quantitation of signal. Initially, it was shown that QD fluo-
rescent tags were better than standard FISH for detecting HER2 oncogene ampli-
fication in breast cancer cells, by showing that fluorescence from QD fluorophores
was significantly brighter and more photostable than the organic fluorophores
Texas Red and fluorescein [87]. In this experiment, biotinylated DNA probes were
detected using streptavidin-conjugated QDs (Figure 1.5b), and it was also shown
that pH of the final incubation buffer had a significant effect on the fluorescence
of QD-detected hybridization signals in the FISH experiments [86]. Coupled with
the use of control cell lines, this method promises the accurate determination of
HER2 gene copy number in fixed cells and FFPE tissue samples [84].

In order to allow for the detection of multiple genes by exploiting the multiplex-
ing capability of QDs, the labeling of DNA probes directly by QDs is required, and
this has since been demonstrated in several studies [88-90]. For this, a faster,
single-step FISH protocol was employed which coupled hybridization with detec-
tion and eliminated the need for any laborious secondary amplification. Chan et
al. directly labeled oligonucleotide probes by QDs through streptavidin and biotin
interactions, and used the probes for the simultaneous study of the subcellular
distribution of multiple mRNA targets in mouse brain sections [88]. Bentolila et
al. developed direct QD-probes by attaching short DNA oligonucleotides onto QDs
and using the probes to target repetitive satellite noncoding DNA sequences [89].
In order to improve probe sensitivity and specificity, Jiang et al. used large genomic
DNA probes directly labeled with QDs to visualize gene amplification in the cells
of lung cancer specimens [90]. The results of these studies have suggested that
the QD-FISH probes may offer an effective approach to analyze cancer-related
genomic aberrations in basic research and clinical applications. More recently,
Byers et al. developed a multiplex QD-based FISH that was both semiautomated
and quantitative, and could be applied to the high-throughput processing of FFPE
tissue samples [91]. The use of spectral imaging for the detection and subsequent
deconvolution of multiple signals has also enabled the sensitive colocalization of
multiple genes, and facilitated the quantitation of fluorescence signals from each
gene.

Interestingly, both Chan et al. [88] and Byers et al. [91] combined QD FISH with
QD IHC in the same experiment, which facilitated the simultaneous study of
multiple mRNA and protein markers in tissue culture and histological sections.

1.4.2.2 Live Cell Imaging in Cancer Cells
Live cell imaging with QDs can provide information that is not possible with
imaging in fixed cells, such as monitoring several intercellular and intracellular
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interactions in real time over a period as long as several days. On the other hand,
the imaging of live cells is a more challenging task than imaging fixed cells, in
that care must be taken to keep the cells alive, and that efficient methods are
required to deliver QD probes across the cell membrane for imaging intracellular
targets. Moreover, it has been commonly observed that QDs tend to aggregate in
the cytoplasm and are often trapped in endocytotic organelles such as endosomes,
lysosomes, and other intracellular vesicles. Nevertheless, significant progress has
been made during the past few years in the use of QDs as fluorescent probes for
labeling and imaging cell-surface proteins as well as intracellular proteins in live
cells.

1.4.2.2.1 Labeling and Imaging of Cell-Surface Receptors Imaging membrane
receptors on the cellular surface is relatively easier than imaging those inside the
cells, as these proteins can often be labeled using techniques similar to those used
for fixed cells through antibody—antigen or receptor-ligand interactions. Consider-
able success has been achieved in using QD bioconjugates as imaging agents for
the specific targeting and imaging of cellular surface antigens on live cancer cells.
Wu et al. first demonstrated the use of QD-streptavidin conjugates as probes
together with Herceptin (a humanized anti-HER2 antibody) and biotinylated goat
anti-human IgG, for the specific detection of HER2 on the surface of live SK-BR-3
cells [49]. Lidke et al. coupled QDs directly to epidermal growth factor (EGF), a
small protein with a specific affinity for the erbB/HER receptors. After adding the
EGF-QDs to cultured human cancer cells, it was possible to observe EGF binding
to the receptor and subsequent internalization of the receptor conjugate in real
time, at the single-molecule level [54]. Minet et al. used a QD-streptavidin conju-
gate and biotinylated concanavalin A (ConA) to image glycoproteins on the plasma
membrane, in order to study the microdosimetry of heat stress in a tumor model
of breast cancer cells [92]. QD fluorescence from labeled cells allowed the observa-
tion of alterations in plasma membrane organization and integrity as a result of
the thermal effects from the heat stress. These applications have inspired the
subsequent use of QDs for monitoring various plasma membrane proteins such
as EGFR [93-96], G-protein-coupled receptors [97], prostate-specific membrane
antigen (PSMA) [98], transferrin receptor [99], CEA [81], and dansyl (DNS) recep-
tors [100].

The live cell labeling of membrane proteins by QDs may have implications for
important biological applications. The dynamics of membrane proteins in living
cells has become a major issue to understand important biological questions such
as chemotaxis, synaptic regulation, or signal transduction. QDs have opened new
perspectives for the study of membrane properties, as they enable measurements
at the single molecule level with a high SNR. Li-Shishido et al. labeled HER2-
overexpressing human breast cancer cell line KPL-4 with QDs conjugated to anti-
HER2 antibody Herceptin, and traced the movement of the QDs on the cell
membrane over periods up to 50s, during which 2500 images were taken and
subsequently superimposed [70]. Traces of centers of fluorescence spots from the
superimposed images showed the detailed movement of the QDs (Figure 1.6).
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Figure 1.6 Movement of the QDs on the cell  QDs bound to cells were taken at a higher
membrane. QDs labeled with anti-HER2 magnification. To trace the movement of
antibody (Herceptin) were bound to living QDs, 2500 images were collected over a 50s
KPL-4 cells overexpressing HER2. (a) period and then superimposed. Colored lines
Fluorescence images of QDs were taken indicate the traces of single QDs; (c) Traces

under a total internal reflection microscope at indicate movements of QDs that occurred on
an exposure time of 20ms and laser power of the cell membrane for a 50s period. Adapted
~70W mm™' [2]. Scale bar = 5um; (b) The from Ref. [70]; ©, 2006 Elsevier Inc.

This study also opens up the application of QDs as tools for nanometer-scale
measurements of positions.

1.4.2.2.2 Labeling and Imaging of Intracellular Targets The first problem to tackle
for the intracellular imaging of live cells using QD bioconjugates is how to cir-
cumvent the plasma membrane barrier. Several strategies have been employed for
the delivery of QD probes across the membrane into cancer cells:

1. Receptor-mediated endocytosis. In the seminal studies of Chan and Nie [10],
QDs were conjugated to transferrin and spontaneously entocytosed by Hela
cells. This receptor-mediated endocytosis mechanism was used in several
subsequent studies [101-107]. By targeting receptors that are overexpressed
specifically on the surface of cancer cells, but not on normal cells, QDs can be
selectively delivered into tumor cells [108, 140, 151]. However, a recent study
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has indicated that QDs may have severe consequences on cell physiology, as it
was found that QDs coupled to ligands such as transferrin can be arrested
within endosomes and somehow perturb the normal endosomal sorting in cells
[106].

2. Spontaneous endocytosis. Many cell types are also able to engulf QDs
spontaneously through nonspecific uptake [109-111, 152]. It has been noted
that the surface chemistry of QDs has profound effects on their cellular uptake
[112]. In addition, differences in cancer cell phenotypes can lead to significant
differences in the intracellular sorting, trafficking, and localization of QDs
[113].

3. Chemical-mediated transfection. QDs can be delivered into intracellular spaces
by attaching to cationic lipids [114-116] or cationic cell-penetrating peptides
such as polyarginine and Tat [117-120], or being encapsulated within a lipid
emulsion [153]. The mechanism of Tat-mediated cellular uptake of QD
bioconjugates has recently been studied systematically in living cancer cells
under different endocytosis-inhibiting conditions [121]. The results suggest
that Tat-QDs internalize through lipid-raft-dependent macropinocytosis, which
is different from that of Tat conjugates with organic dyes such as FITC.

4. Microinjection. QDs can be delivered into the cytoplasm of a single cell through
microinjection [122]. This technique is obviously useful for studying single
cells, but it is labor-intensive and requires the delicate manipulation of one cell
at a time. Therefore, it is difficult to obtain statistically relevant data because of
the small number of cells that could be realistically injected.

Several new methods have also been developed in recent years for the intracel-
lular delivery of QD bioconjugates. Kaul et al. used internalizing antibodies against
mortalin/HSP70, a member of the heat-shock protein family that has a dynamic
subcellular distribution, as QD caters for the active delivery of QDs into live cancer
cells [123]; the molecular mechanism of this internalization has yet to be resolved,
however. QD-based mortalin staining can be used to study senescence in cancer
cells [124]. The specific intracellular uptake of QD-antibody conjugates by pancre-
atic cancer cells [103], liver cancer cells [125] and mesothelioma cells [126] has also
been reported. A novel method for the intracellular delivery of QDs to image
subcellular structures in live cells has been reported recently by Kim et al. [127].
For this, QDs conjugated to antibodies were first incorporated into biodegradable
polymeric nanospheres. Then, upon cellular internalization, the pH-dependent
reversal of surface charge of the nanospheres enabled their escape from the
endolysosomal compartments to the cytoplasmic space, where a controllable
release of the functionalized QD probes could be achieved through hydrolysis
of the polymeric capsule. By attaching QDs of different emission spectra to anti-
bodies against varying cellular targets, the multiplexed labeling of subcellular
structures inside live cells was also demonstrated [127]. This approach allowed
the noninvasive, high-throughput cytoplasmic delivery of QDs, with minimal
toxicity to the cell. Yezhelyev et al. designed a QD-based nanoparticle with
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proton-absorbing polymeric coatings (proton sponges) on the QD surface for the
efficient delivery of QDs bound with small interfering RNA (siRNA) into the
cytoplasm [128].

It is interesting to note that Zhang et al. have demonstrated a potentially useful
method for the specific delivery of QDs into cancer cells by using the protease-
modulated cellular uptake of QD conjugates [129]. Here, the QDs were conjugated
to cationic peptides which were in turn linked to blocking peptides through a
linker peptide (protease substrate). The negatively charged blocking peptides could
then prevent the cationic peptide-mediated cellular uptake of the QD conjugates.
As proteases such as matrix metalloproteases (MMPs) are greatly involved with
tumor formation and progression in many types of human cancers, the overex-
pression of these proteases in cancer cells can remove the negatively charged
groups by enzymatic hydrolysis of the linker peptide, leading to uptake of the QD
conjugates specifically into cancer cells. Modulation of the uptake of nanoparticles
into cells with tumor-specific enzymes may lead to a selective accumulation of
nanoparticles in tumor cells, a procedure which may in time find wide applications
in nanomedicine.

QD-based fluorescent probes for intracellular labeling and imaging has been
instrumental in basic biological studies, such as the molecular mechanisms of
intracellular transport process involving motor proteins. Nan et al. measured the
motions of the motor proteins kinesin and dynein along microtubules by following
the movements of endocytic vesicles that contain QDs [117]. By virtue of the
exceptional brightness and photostability of the QDs, it was possible to record
individual microtubule motor steps with 300 s time resolution and 1.5 nm spatial
precision. These studies demonstrated the ability of QDs to probe the operation
of motor proteins at the molecular level in living cells, under physiological condi-
tions. While the calculation used in this study was based on two-dimensional (2-D)
trajectories of QD-containing vesicles, a more recent investigation conducted by
Watanabe et al. involved monitoring the stepwise movements generated by myosin,
dynein, and kinesin in three dimensions [102]. By using QDs conjugated to HER2
and a three-dimensional (3-D) confocal microscope, it was possible to watch the
QD-enclosing vesicles (after they had been endocytosed into the cells) be moved
along the membrane by transferring actin filaments, along microtubules toward
the nucleus, or away from the nucleus back to the cell membrane, and with time
resolution and spatial precision similar to those reported in the previous study.
This study added further information towards an understanding of the molecular
mechanisms underlying traffic to and from cellular membranes. By using dual-
focus imaging optics, the time interval between data points of the displacements
may be as short as 2ms [104]. Very recently, the same group used QD bioconju-
gates to study intracellular protein movement over long periods of time and
showed that, in contrast to the smoothly continuous movement of kinesin found
in in vitro assays, kinesin in live cells displayed a “stop-and-go” behavior, where
kinesin came to an almost stop, paused for a few seconds, and then moved once
again. The maximum velocity of kinesin observed in live cells was also faster than
that in the in vitro assays [116].
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Figure 1.7 Phagokinetic tracks of the highly nanocrystal trails (right) and a transmitted

metastatic human mammary gland light detector to visualize the cells (left); the
adenocarcinoma cell line MDA-MB-231 (a) merged pictures (middle) colocalize the cells
and the human mammary ductal carcinoma  and the layer. After 24 h, sizable regions free
cell line MDA-MB-435S (b) grown on a of nanocrystals, larger than the cells

collagen substrate that had been coated with  themselves, were detected. From Ref. [109];
a layer of silanized, water-soluble QDs Images © 2003, International Society of

were collected with a confocal microscope Differentiation.

using a fluorescence detector to record the

Some of the QD applications for intracellular targeting and imaging are also
relevant to clinical cancer diagnosis and drug discovery. One such application is
the cell motility assay developed by Alivisatos and colleagues [109-111], in which
the migration of cells over a homogeneous layer of QDs was measured in real
time. As the cells moved across, they endocytosed the QDs and, as a consequence,
left behind a fluorescence-free trail (Figure 1.7). By subsequently determining the
ratio of cell area to fluorescence-free track area, it was possible to differentiate
between invasive and noninvasive cancer cells. As the motility of cancer cells in
vitro is strongly correlated with their metastatic potential in vivo, this assay method
could aid in the clinical classification of cancers for better diagnosis and manage-
ment. In another application, Chen et al. coupled QDs to molecular beacons (MBs)
to measure the expression of the endogenous proto-oncogene c-myc in MCF-7
breast cancer cells [122]. MBs are retained in the cytoplasmic compartment after
being linked to QDs. Consequently, false-positive signals are reduced to marginal
levels, as such nonspecific signals only arise in the nucleus of living cells. By
quantifying the total fluorescent signal emanating from individual cells, accurate
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measurements of RNA expression of the oncogene at the single-cell level were
made possible. Garon et al. used QDs attached to membrane-translocating pep-
tides to label hematologic cells in malignant and nonmalignant patient samples
[120], and showed that the QD-peptide conjugates could be taken up by a diverse
range of hematologic cells, and followed through many divisions and through
differentiation. Taken together, these results establish QDs as extremely useful
molecular imaging tools for the study of hematologic cells. Yet another clinically
relevant application was developed by Wylie et al., of a multiplexed assay to deter-
mine the effects of drugs on different cell lines in high-throughput format [118].
By labeling live cells with QDs of different emission spectra and identifying cell
proliferation using a microplate cytometer, it was possible to determine the dif-
ferential rates of cell proliferation of the individual cell lines in the same well over
time. Determining the differential responses of normal cells compared to cancer-
ous cells in response to a chemical stimulus by using this assay method might
prove valuable in selecting compounds that have maximal antitumor activity, while
incurring minimal toxicity to normal tissues.

1.4.3
In Vivo Cancer Imaging

The visualization of tissue, with its anomalies, can provide information that allows
certain pathologies to be eliminated, and the most probable pathology to be diag-
nosed. In today’s oncological investigations, in vivo imaging can provide such a
large amount of information that diagnoses are subject to much less uncertainty,
and clues are also provided for the optimization of treatment. Some of the major
imaging techniques used routinely in hospital set-ups for cancer diagnosis include
CT, MRI, PET, SPECT, ultrasound and X-ray imaging. These techniques rely on
signals that can transmit through thick tissue, and generate image contrast from
the differences in signal attenuation through different tissue types. As tumors
differ from normal tissues in both their structure and anatomy, many tumors can
be identified based on the image contrast generated with or without exogenous
contrast agents. However none of these modalities has a sufficiently high spatial
resolution that is capable of detecting cancers at early stages, when the size of the
tumors is very small. Moreover, most of these techniques are very expensive.
Optical imaging—particularly fluorescence imaging—is a sensitive and relatively
inexpensive imaging technique that has higher intrinsic spatial resolution and for
which the potential for cancer diagnosis has been demonstrated in living animal
models [154, 155]. In contrast to in vitro fluorescence microscopic studies on cell
cultures or thin tissue sections, in vivo fluorescence imaging functions at a mac-
roscopic level on the whole body of animals. Whilst this enables the visualization
of biology in its intact and native physiological state, it also presents some technical
challenges. For example, thick, opaque animal tissues absorb and scatter photons
and generate a strong autofluorescence, all of which obscure signal collection and
quantification [156]. In order to overcome these problems, the near-infrared (NIR)
optical window (650-950nm) can be exploited for deep-tissue optical imaging
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[157]. This is because the penetration of NIR light into tissue is significantly higher
than light of shorter wavelengths, as the Rayleigh scattering decreases with increas-
ing wavelength, and most tissue chromophores have a weak absorption in the NIR
range. In recent years, several organic dyes have become available that can be used
as NIR probes for in vivo imaging [155], but unfortunately these suffer from the
same photobleaching problems as their visible counterparts. QD emission wave-
lengths can be tuned throughout the NIR spectrum by adjusting their composition
and size; this results in photostable NIR-emitting QDs that can greatly expand
their potential for in vivo cancer imaging. Consequently, by using appropriate
hardware and software, multispectral imaging or spectral unmixing can be
achieved so that the signal degradation caused by autofluorescence can be removed
while adding enhanced multiplexing capabilities [39, 73, 77, 114, 158-160].

1.4.3.1 In Vivo Tracking of Cancer Cells

Cell tracking has the goal of determining the fate of a particular cell population
within a heterogeneous environment. Cancer cell tracking can provide informa-
tion on the homing, migration and engrafting of tumor cells, and thus further the
current understanding of the critical stages of cancer pathology, such as metasta-
sis. The unique photophysical properties of QDs make them desirable for the
long-term tracking of cancer cells in vivo, and to this end the cancer cells can be
labeled with QDs in vitro, administered to animals, and then followed using fluo-
rescence microscopy. As an example, Gao et al. labeled human cancer cells with
QDs and injected the cells subcutaneously into an immunecompromised mouse
[39]. Subsequent in vivo whole-animal imaging indicated that, whilst a subcutane-
ous deposit of ~1000 QD-labeled cancer cells could be easily visualized, green fluo-
rescent protein (GFP) stably transfected cells could not be detected under the same
conditions. Voura et al. used QDs to track metastatic tumor cell extravasation in
vivo. For this, melanoma cells labeled with QDs were injected intravenously into
mice, and followed as they were extravasated into the lung tissues. The QDs and
spectral imaging allowed the simultaneous identification of five different popula-
tions of cells using multiphoton laser excitation [114]. This approach allowed the
study of single cells at the early stages of metastasis, and the process to be exam-
ined at the single-cell level in a natural tissue environment. A simultaneous iden-
tification and study of the interactions of multiple different populations of tumor
cells and tissue cells within the same animal was also possible.

The homing mechanism of bone marrow-derived cells, and their contribution
to tumor neovascularization, have been the subjects of intense debate [161].
Indeed, there has been a general paucity of such information obtainable from in
vivo cell tracking studies. To this end, Stroh et al. successfully monitored the
recruitment of QD-labeled bone marrow-derived precursor cells to the tumor
vasculature [130]. Here, the cells were labeled ex vivo with QDs and imaged in vivo
as they flowed, rolled over, and adhered to tumor blood vessels following intrave-
nous administration (Figure 1.8). In vivo cell tracking studies can also aid in the
behavioral profiling of cancers. It has been revealed from outcome studies of many
types of cancer, that tumors of indistinguishable histologic appearance may differ
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Figure 1.8 Tracking of QD-labeled bone QD470 micelles (blue) in vivo. The image
marrow-derived precursor cells to the tumor  represents seven repeated scans at a fixed
vasculature. Seven images are superimposed  depth (~100um) taken at 1s intervals. Scale
in time as a single bone marrow lineage- bar = 50um. Adapted from Ref. [130]; ©
negative cell labeled with QD590-Tat (orange) 2005, Nature Publishing Group.

navigated the tumor vessels highlighted with

significantly in their degree of aggression and in their response to therapy. To
enable an early identification of patients at high risk for disease progression, and
to allow for the screening of multiple therapeutic agents simultaneously for their
efficacy, Estrada et al. developed an orthotopic organ culture model of bladder
cancer to obtain quantitative measurements of tumor cell behavior [131]. For this,
human transitional cell carcinoma cells were first labeled with QDs; the cells were
then instilled into the rat bladder in vivo, after which the bladder was excised and
cultured ex vivo. By monitoring cell implantation, proliferation, and invasion into
the organ wall, it was possible to assign distinct phenotypes to two metastatic
bladder cancer cell lines, based on their different patterns of invasiveness into the
bladder wall. These findings suggest that this assay system could recapitulate the
salient aspects of tumor growth in the host, and be amenable to the behavioral
profiling of human cancer.

Recently, Chang et al. reported using lipid-enclosed QDs as contrast agents to
track tumor cells in a subcutaneous mouse model with epi-detection third har-
monic generation (THG) microscopy [115]. Here, the QDs were mixed with
a mixture of lipids to form a cationic lipid coating in order to improve their solu-
bility and cell uptake. The epi-THG intensities were 20-fold stronger than the
corresponding fluorescence intensities which, when combined with a high-



1.4 Cancer Imaging with QDs | 31

penetration 1230nm laser, provided a method that would allow for cell tracking
in deep tissues.

Surface coatings on QDs may sometimes render them too large to enter into
cells, unless they are taken up by naturally occurring internalization mechanisms
(e.g., phagocytosis). To facilitate cell labeling, one solution to this problem is to
couple the QDs to targeting molecules that facilitate cellular uptake; examples
are Tat peptide [39, 130] and the proprietary Q-Tracker from Invitrogen [162].
Negatively charged QDs can also be efficiently transduced into tumor cells
using cationic lipids [114, 115]. Recent studies of cell-penetrating surface coatings
have offered promise for additional solutions to this problem [163]. The encapsula-
tion of QDs in the internal aqueous phase of lipid bilayer vesicles (liposomes)
to form QD-liposome hybrid nanoparticles might offer yet another solution to
the problem. More recently, Al-Jamal et al. showed that such QD-liposome
hybrids, when injected intratumorally into solid tumor models, led to an extensive
fluorescence staining of tumor cells compared to injections of QDs alone [164].
These hybrid nanoparticles constitute a versatile tool for the very efficient labeling
of cells both ex vivo and in vivo, and particularly when long-term imaging and
tracking of cells is sought. Moreover, such a system offers many opportunities
for the development of combinatory imaging and therapeutic modalities by incor-
porating both drug molecules and QDs within the different compartments of a
single vesicle.

1.4.3.2 Tumor Vasculature Imaging

Cancerous cells can induce capillary (blood vessel) growth in the tumor by secret-
ing various growth factors such as vascular endothelial growth factor (VEGF). This
process, termed tumor angiogenesis, is believed not only to supply the required
nutrients that allow for tumor expansion, but also to serve as a waste drainage,
removing the biological end-products from rapidly dividing cancer cells. Angio-
genesis is also required for the spread of a tumor, or metastasis. Consequently,
the noninvasive imaging of tumor angiogenesis has many clinical applications,
including lesion detection, patient stratification, new drug development and vali-
dation, treatment monitoring, and dose optimization.

Several reports have been made during the past few years using QDs as a con-
trast agent for the nontargeted imaging of normal vascular systems in small
animals. Foe example: Larson et al. showed that green-light emitting QDs remained
both fluorescent and detectable in the capillaries of adipose tissue and the skin of
a live mouse following intravenous injection [165]; Lim et al. used NIR QDs to
image the coronary vasculature of a rat heart [166]; and Smith et al. imaged the
blood vessels of chicken embryos with a variety of NIR and visible QDs [167].
Recently, Jayagopal et al. demonstrated the potential for QDs to serve as molecular
imaging agents for targeted vascular imaging [168]. For this, spectrally distinct
QDs were first conjugated to antibodies against three different cell adhesion mol-
ecules (CAMs), and then injected intravenously into a rat model of diabetes. Fluo-
rescence angiography of the retinal vasculature revealed CAM-specific increases
in fluorescence, and allowed imaging of the inflammation-specific behavior of
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individual leukocytes as they floated freely in the vessels, rolled along the endothe-
lium, and underwent leukostasis. The unique spectral properties of QDs allowed
the simultaneous imaging of up to four spectrally distinct QD tags. It was also
found in this study that, by incorporating PEG crosslinkers and Fc-shielding anti-
body fragments into the QD-antibody conjugates, their in vivo circulation times
and targeting efficiency could be increased.

In 2005, two groups reported the use of QDs for the nontargeted in vivo imaging
of tumor vasculature in mice. Morgan et al. coated NIR QDs with bovine serum
albumin (BSA) and injected them either subcutaneously or intravenously into
mice bearing murine squamous cell carcinoma (SCC). This allowed the blood
vessels surrounding and traversing a SCC tumor that was growing in the right
hind leg of a C3H mouse, and which had a diameter on the order of ~100 um and
was located at a depth of several hundred microns, to be clearly visualized [132].
These data showed that the QDs represent a valuable angiographic contrast agent
for blood vessels surrounding and penetrating the tumor tissues. Stroh et al.
used PEG-coated QDs and two-photon microscopy to image blood vessels within
the microenvironment of subcutaneous tumors in mice, and to concurrently
image and differentiate tumor vessels from both the perivascular cells and the
matrix through green fluorescent protein (GFP) in the perivascular cells and
autofluorescence from collagen in the extracellular matrix (ECM). A stark contrast
between the cells, ECM, and the erratic, leaky vasculature was evident [130]. Taken
together, the results of these studies pointed towards the use of QDs as fluores-
cence contrast agents for the high-resolution, noninvasive imaging of tumor
vasculatures.

The first attempt to use QD for the targeted in vivo imaging of blood vessels in
tumors was reported by Cai et al. [133]. For this, NIR QDs labeled with arginine-
glycine-aspartate (RGD) peptide were used for the active targeting and imaging of
blood vessels expressing o,B; integrins in a murine xenograft model of subcutane-
ous human glioblastoma tumors. The tumor location could be identified by virtue
of the specific binding of the RGD-labeled QDs to the tumor vasculature. More
recently, Smith et al. used the same methodology to target RGD-labeled QDs to
newly formed/forming blood vessels expressing o.f3; integrins in a SKOV-3 ear
tumor mouse model [134]. By using high-resolution (~0.5um) intravital micros-
copy, it was possible to observe the binding of QD conjugates to the tumor blood
vessels, with details at the cellular level (Figure 1.9). These authors showed that
the QDs did not extravasate, but bound as aggregates rather than individually; the
latter finding was of critical relevance to the regulatory approval of nanoparticles
in human clinical applications for disease diagnostics and therapeutics, as con-
cerns have been expressed that the aggregation of QDs might contribute to their
cytotoxicity. The RGD-QD conjugates used in these studies were prepared from
commercially available PEG-coated QDs and thiolated RGD peptides through a
heterobifunctional linker, 4-maleimidobutyric acid N-succinimidyl ester [169]. It
has been suggested recently that peptides containing isoaspartate-glycine-arginine
(isoDGR) may also be conjugated to QDs as binding ligands for the targeted
imaging of tumor vasculature [170].
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Figure 1.9 Direct visualization of binding of ~ reference to bright white signal. These are
RGD-QDs to tumor vessel endothelium. (a) demarcated by arrows in the rightmost

These panels display different output merged image, in which all three channels
channels of the identical imaging plane along have been overlaid; (b) These panels display
the row with scale bars. In the green channel, the same as panels (a) in a different mouse,
individual EGFP-expressing cancer cells are except that a sixfold higher RGD-QD dose has

visible (marked by thick horizontal blue been injected. Individual cells are not

arrows; the vertical blue arrow points to a hair generally visible. Six binding events are
follicle), while the red channel outlines the observed in this field-of-view, as marked by
tumor’s vasculature via injection of arrows in the merged image at right. White
Angiosense dye. The NIR channel shows arrows in the bottom merged image designate
intravascularly administered QDs which areas of tissue autofluorescence. Adapted
remain in the vessels (i.e., they do not from Ref. [134]; © 2008, American Chemical
extravasate). Binding events are visible by Society.

1.4.3.3 Sentinel Lymph Node Mapping and Fluorescence Lymphangiography
Sentinel lymph node (SLN) mapping has revolutionized the intraoperative staging
of many solid tumors, and is now the standard of care in breast cancer and
melanoma [171]. The underlying hypothesis of SLN mapping is that sampling of
the first lymph node to receive lymphatic drainage from a solid tumor is sufficient
to assess for the presence or absence of lymphatic metastasis [172]. If no malignant
cells are found in the SLN, the patient is spared the morbidity of radical lymph
node dissection. The current clinical practice of SLN mapping is performed with
a combination of preoperative radiocolloid injection and intraoperative injection
of a visible blue dye. Unfortunately, this procedure suffers from the drawbacks of
potential radiation hazards, along with the extra cost of the radioisotope, allergic
reactions after blue dye injection, the overall long duration of the procedure, and
technical difficulties in performing the mapping. In particular, the blue dye used
for locating the SLN is extremely difficult to see in the presence of blood or anthra-
cosis. Thus, technological innovation is clearly needed.
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NIR QDs have innate features that make them an excellent choice as lymphatic
tracers for SLN mapping. Most QDs have a hydrodynamic diameter in the range
of 10-20nm and a negatively charged coating, which not only allows them to
undergo rapid uptake into lymphatics but also provides them with excellent reten-
tion in the lymph nodes. The NIR emission permits fluorescence detection from
deep inside the tissue, with a low background autofluorescence. Frangioni and
colleagues have pioneered the use of QDs for NIR fluorescence SLN mapping, by
using an imaging system that simultaneously displays color video and NIR fluo-
rescence images. In this way, these authors have shown that QDs can be used for
real-time intraoperative imaging of SLN in the skin [173], breast [173], lung [174],
esophagus [175], pleural space [176], small intestine [177, 178], stomach [178], and
colon [178] in small animals (mouse, rat), and also in large animals approaching
human size (e.g., pigs). Although these studies did not incorporate a model system
with spontaneous cancer metastatic to regional lymph nodes, they have shown
that QD-mediated SLN mapping overcomes the limitations of currently available
methods, permits patient-specific imaging of lymphatic flow and sentinel nodes,
and provides highly sensitive, real-time in situ visual guidance for cancer surgery
that would enable surgeons to identify and excise nodes draining from primary
metastatic tumors, both quickly and accurately. More recently, the value of this
technology for SLN mapping in tumor settings has also been demonstrated in pigs
with spontaneous melanoma [135] and in mice bearing subcutaneous tumors [136,
137]. Here, the hydrodynamic diameter of QDs was found to have a profound
impact on the tracer behavior in vivo, with the average time for QDs to be detected
in SLN after injection increasing in line with the increasing QD diameter
[135, 137].

The multiplexing capabilities of QDs can also be exploited for fluorescence
lymphangiographic studies of the lymphatic drainage networks. Due to their small
size and poor access, the lymphatic system has been difficult to study in vivo,
especially when mapping lymphatic drainage simultaneously from multiple
basins. However, by injecting QDs of different colors at two different locations,
Hama et al. were able to observe the QDs draining to a common node, using
wavelength-resolved spectral fluorescence lymphangiography [138]. In a subse-
quent study, the same group demonstrated the simultaneous visualization in real
time of five separate lymphatic flows in vivo and their trafficking to distinct lymph
nodes, using QDs with similar physical sizes but different emission spectra [139]
(Figure 1.10). These studies have important implications for predicting the route
of cancer metastasis into the lymph nodes.

Robe et al. recently studied the selective accumulation of QDs in axillary lymph
nodes, and their biodistribution in different tissues in mice [179]. Here, the QDs
were detected in the nodes as soon as 5min and up to 24h after the injection.
Maximum amounts of QDs in the nodes were detected at 60 min after injection,
and this corresponded to 2.42% of the injected dose. Most of the injected QDs
remained at the injection site, with none being detected in other tissues, nor in
the plasma, urine, and feces.
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Figure 1.10 In vivo five-color lymphatic bilateral upper extremities, the bilateral ears,
drainage imaging showing five distinct and at the median chin, as shown in the
lymphatic drainages of a mouse injected with  schema. Five primary draining lymph nodes
five carboxyl QDs (565, blue; 605, green; 655, were simultaneously visualized with different
yellow; 705, magenta; 800, red) colors through the skin. Adapted from Ref.
intracutaneously into the middle digits of the  [139]; © 2007, American Chemical Society.

1.4.3.4 In Vivo Whole-Body Tumor Imaging in Animals

Although the ability to visualize and identify tumors in living organisms is invalu-
able for clinical diagnostic applications, the imaging of tumors presents certain
challenges, not only from the need for sensitive and specific imaging agents but
also from the fundamental barriers to optical imaging in biological tissues. On the
other hand, tumor tissues possess certain unique biological attributes that can
facilitate optical imaging using nanoparticles such as QDs. During tumor-induced
angiogenesis, blood vessels are formed abnormally with erratic architectures and
wide endothelial pores. The highly permeable vasculature, in combination with a
lack of effective lymphatic drainage, allow large molecules and particulates (up to
~400nm in size) to extravasate and accumulate in the tumor microenvironment,
a phenomenon called the “enhanced permeability and retention” (EPR) effect
[180]. The EPR effect has facilitated the use of a variety of nanoparticles, including
QDs, for cancer imaging and targeting.
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1.4.3.4.1 QD Conjugates as Active Targeting Probes for Molecular Imaging Due
to the high permeability of tumor vasculature, cancer cells are effectively exposed
to the constituents of the bloodstream. Surface antigens on cancerous cells may
therefore be used as active targets for molecular imaging using bioaffinity fluores-
cence probes. Molecular imaging is the generation of image contrast due to the
molecular differences in tissue (e.g., presence or absence of tumor antigens),
rather than to differences in tissue-induced radiation attenuation, as are used in
other imaging techniques. Molecular imaging has become an area of tremendous
interest in oncology because of its potential to detect early-stage cancers and their
metastases. In this respect, QDs have demonstrated great superiority over organic
fluorescent dyes for these applications, due to their intense fluorescence signals,
long-lasting photostabilities, and unique capabilities for multiplexing, and for
enabling the long-term, simultaneous imaging of multiple cancer biomarkers with
high degrees of sensitivity and selectivity.

In 2202, Akerman et al. first reported the use of QD conjugates for the specific
targeting of tumors [60], where QDs attached with tissue-specific peptides were
injected intravenously into mice bearing human tumor xenografts. Although the
probe detections were not performed in living animals, but rather on embedded
tissue specimens, the in vitro histological results revealed that the QDs homed to
tumor vessel guided by the peptides, and were able to escape clearance by the
reticuloendothelial system (RES). It was also shown in this study that the addition
of PEG to the QD coating prevented the nonselective accumulation of QDs in the
RES.

The first demonstration of targeted molecular imaging using QDs in live animals
was made by Gao et al. in 2004 [39]. For this, the authors used a new class of
multifunctional QD probe for the simultaneous targeting and imaging of subcu-
taneous human prostate tumors in mice after intravenous injection of QDs con-
jugated to an antibody against PSMA. The QD conjugate contained an amphiphilic
triblock copolymer for in vivo protection, and also targeting ligands for tumor
antigen recognition and multiple PEG molecules for improved biocompatibility
and circulation. Subsequent tissue section microscopy and whole-animal spectral
imaging revealed that, whilst QD accumulation in the tumor was primarily due
to antibody—antigen binding, it was also aided by the EPR effect. These early
studies also introduced the concept of multicolor imaging of QD-tagged cancer
cells, opening new possibilities for the ultrasensitive and simultaneous imaging
of multiple biomarkers involved in cancer metastasis and invasion. The method
used to prepare the QD probe has been published [181]. Similarly, Cai et al. used
NIR QDs labeled with RGD peptide for the active targeting and imaging of sub-
cutaneous human glioblastoma tumors in mice [133]. Subsequently, Yu et al. also
achieved active targeting and imaging of human hepatoma in mice with QDs
conjugated to an antibody against alpha-fetoprotein (AFP) [141], which is an
important biomarker for hepatocellular carcinoma. Very recently, Cheng et al.
conjugated QDs with DNS and injected the QD probes intravenously into mice
bearing CT26/DNS tumors [100]. Subsequent whole-body imaging at 2h after
injection revealed the DNS-QDs to be retained preferentially in the tumor location,
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which in turn indicated that the QD conjugates could be used for the targeted
imaging of DNS receptor expression in vivo.

Tada et al. studied the biological processes involved in the active targeting of
tumors by QDs [142]. For this, QDs labeled with anti-HER2 monoclonal antibody
were used to target human HER2-overexpressing breast cancer in mice. After
systemic QD administration, the molecular process was examined in terms of its
mechanistic delivery to the tumor by using a high-speed confocal microscope fitted
with a high-sensitivity camera. The movement of single QD-antibody complexes
could be clearly observed as they circulated in the bloodstream, extravasated into
the tumor, diffused into the ECM, bound to their receptors on the tumor cells,
and then translocated into the perinuclear region of the cells. The image analysis
of the delivery processes of single particles in vivo provides valuable information
on antibody-conjugated therapeutic nanoparticles, which will undoubtedly be
useful for increasing therapeutic efficacies.

Diagaradjane et al. reported the first pharmacokinetic and biodistribution study
of QD imaging probes for targeted in vivo tumor imaging [143]. Here, the NIR
QDs were coupled to EGF and injected systemically into mice bearing HCT116
xenograft tumors. In vivo imaging showed the EGF-QDs to be mainly distributed
in the liver and lymph nodes shortly after injection, and then to accumulate pro-
gressively in the tumors, presumably due to a specific binding of the QD-EGF
conjugates to EGFR on the tumor cells. The maximum contrast was reached at
4h after systemic administration. Subsequent immunofluorescence images
showed the diffuse colocalization of EGF—QD fluorescence within EGFR-express-
ing tumor parenchyma, compared to a patchy perivascular sequestration of uncon-
jugated QDs. These results implied that the QD-EGF nanoprobe might permit
the quantifiable and repetitive imaging of EGFR expression in tumors. In a similar
pharmacokinetic study, Weng et al. reported that the systemic administration of
liposomes tethered with QDs and an anti-HER2 antibody single-chain F, fragment
resulted in tumor localization and in vivo fluorescence imaging in a MCF-7/HER2
xenograft mouse model (Figure 1.11) [107]. These authors found that, although
the conjugation of QDs to liposomes increased the average diameter of the labeled
liposomal nanoparticles, it effectively eliminated the nonspecific binding observed
with QDs alone and enabled an extended circulation time in vivo. Chen et al. used
QDs linked to monoclonal antibody for AFP as a probe for the targeted imaging
of human hepatocellular carcinoma xenograft growing in nude mice after injection
of the QD probes into a tail vein [125]. On examining the hemodynamics and
tissue distribution of the QD probes, they were found to be mainly distributed in
the liver and spleen, both of which incorporate the RES. Some QDs were also
found in the kidneys, although this may be related to their elimination. Similar
findings were later reported by Yang et al., who used QDs conjugated with a single-
chain anti-EGFR antibody for targeted imaging in nude mice bearing intrapancre-
atic human xenograft tumors [140].

1.4.3.4.2 QDs as Nontargeting Contrast Agents for Optical Imaging In the case
where no cellular biomarker is available for the targeted molecular imaging of
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Figure 1.11 In vivo targeted fluorescence fluorescence emitted per incident photon).
imaging in a MCF-7/HER2 xenograft mouse  Right: A 5um section cut from frozen tumor
model. Left: In vivo fluorescence imaging of  tissues harvested at 48 h post-injection and

three nude mice bearing MCF-7/HER2 examined by confocal microscopy using a 63x
xenografts implanted in the lower back 30h oil immersion objective (image size,

after intravenous injection with anti-HER2 146 um x 146 um). QD-ILs are likely

QD-ILs. Imaging showed that QD-ILs had internalized to the cytosol of MCF-7/HER2
localized prominently in tumors, as well as in  cells. From Ref. [107]; © 2008, American
mononuclear phagocytic system (MPS) Chemical Society.

organs. Units: efficiency (the fractional ratio of

cancer, nontargeted passive imaging may be attempted. Currently, QDs can be
used as powerful imaging contrast agents for studying the complex anatomy and
pathophysiology of cancer in animal models.

A solid tumor is composed of cancer and host cells embedded in an ECM and
nourished by blood vessels. Whilst a prerequisite to understanding tumor patho-
physiology is an ability to distinguish and monitor each component in dynamic
studies, standard fluorophores hamper the simultaneous intravital imaging of
these components. Stroh et al. showed that QDs would greatly enhance current
intravital microscopy techniques for the imaging of tumor microenvironment
[130], by using QDs as fluorescent contrast agents for blood vessels using two-
photon excitation, and concurrently imaging and differentiating tumor vessels
from both the perivascular cells and the ECM. The use of QDs allowed a stark
contrast to be made between the tumor constituents, due to their intense bright-
ness, tunable wavelengths, and reduced propensity to extravasate into the tumor
in comparison with organic dyes. These authors also used QD-tagged beads of
varying sizes to model the size-dependent distribution of nanoparticles in tumors.

For nontargeted tumor imaging, it is critical that ways are developed to allow
QDs to accumulate at the tumor site. Recent studies on the biodistribution of QDs
in living mice have revealed that they are cleared from the circulation primarily by
phagocytosis of the nanoparticles by the RES in the liver, spleen, and lymph nodes
[182, 183]. The primary phagocytic cells of the RES are monocytes and/or macro-
phages, including circulating macrophages, perivascular macrophages, and tissue
macrophages. Experimental data have suggested that peripheral tissue macro-
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phages are capable of phagocytosing QDs, whilst in the brain a macrophage-derived
cell-the microglia—is also capable of the phagocytosis of nanoparticles [184]. QDs
with surface modifications that improve their blood circulation half-life might
escape from the reticuloendothelial cells of the liver, spleen, and lymph nodes,
allowing tissue macrophages to phagocytose the circulating QDs. When Muham-
mad et al. used QDs to image tumors in a rat glioma model [144] they found
that, after intravenous injection, the QDs were uptaken by macrophages that colo-
calized within the experimental glioma. In this way, the deposition of QD-laden
macrophages within the experimental glioma allowed optical detection of the
glioma in the animals. The adaptation of these techniques to the surgical manage-
ment of gliomas has the potential to reduce the operating time, and to improve
not only the diagnostic accuracy but also patient outcomes in glioma therapy.

1.4.4
Multimodality Tumor Imaging

In vivo imaging using QD-based fluorescent probes is limited by the depth of
tissue penetration, the lack of anatomic resolution and spatial information, and
difficulties in quantitation. In order to overcome these obstacles, the QD surface
can be modified (through versatile chemistry) to accommodate multiple imaging
(radionuclide or paramagnetic) probes so as to allow for multimodality imaging,
by coupling QD-based optical imaging with other imaging modalities such as PET,
SPECT, and MRI. One of the most promising applications for QDs is the develop-
ment of multifunctional QD-based probes for multimodality cancer imaging
in vivo. A multimodality approach would make it possible to image targeted
QDs at all scales, from whole-body down to nanometer resolution, and using a
single probe. This would in turn permit elucidation of the targeting mechanisms,
biodistribution, and dynamics in living animals with higher sensitivity and/or
accuracy.

To allow for quantitative targeted imaging in deep tissues, Chen and colleagues
developed a dual-modality imaging probe for both NIR fluorescence imaging and
PET, by attaching **Cu to the polymeric coating of QDs through a covalently bound
chelating compound [145]. The targeted in vivo imaging of a subcutaneous tumor
in mouse, by using this probe, was achieved by simultaneously attaching o,f3;
integrin-binding RGD peptides onto the QD surface. The quantification ability and
ultrahigh sensitivity of PET imaging enabled the quantitative analysis of the bio-
distribution and targeting efficacy of this dual-modality imaging probe in glioblas-
toma-bearing mice. However, the full potential of in vivo dual-modality imaging
was not realized in this study, as fluorescence was used only as an ex vivo imaging
tool to validate the in vivo results of PET imaging, primarily due to the lower sen-
sitivity of optical imaging in comparison with PET. In a more recent study, the
same group constructed a similar QD conjugate and achieved in vivo dual PET
and NIR fluorescence imaging in the same animal model (Figure 1.12) [146]. This
time-targeted imaging of tumor vasculature was achieved by attaching the VEGF
protein onto the QD surface so as to specifically target the VEGF receptors
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Figure 1.12 Dual modality in vivo fluorescence and PET
imaging of U87MG tumor-bearing mice. (a) NIR fluorescence
imaging at 10, 30, 60, and 90 min post-injection of 200 pmol
of DOTA-QD-VEGF; (b) Whole-body coronal PET images at T,
4,16, and 24 h post-injection of ca. 300uCi of *Cu-DOTA-QD-
VEGF. The arrows indicate the tumor. Adapted from Ref.
[146]; © 2007, Springer-Verlag.

(VEGFRs) through strong VEGF-VEGFR interaction. VEGFR, which is expressed
almost exclusively on the vasculature, serves as a prime target for QD-based
imaging, since extravasation is not required to observe the signal. The success of
this bifunctional imaging approach may render a higher degree of accuracy for
the quantitative targeted NIR fluorescence imaging in deep tissues.

As apoptosis plays an important role in the etiology of a variety of diseases,
including cancer, its visualization would allow both an early detection of therapy
efficiency and an evaluation of disease progression. To this end, van Tilborg et al.
developed a dual-modality imaging probe for both optical imaging and MRI by
encapsulating QDs in a paramagnetic micelle containing gadolinium [147]. By
attaching the nanoparticles with annexin A5, the value of this probe for labeling
apoptotic cells in vitro could be demonstrated, with a significant T, contrast
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enhancement with a brightening effect in MRI, as well as an easily detectable fluo-
rescence signal from QDs, being observed. The results of the study suggested a
high potential for QD-based dual-modality nanoprobes for the in vivo detection of
apoptosis with both intravital fluorescence microscopy and MRI.

MRI is preferable for molecular imaging due to its excellent spatial resolution
and soft tissue contrast. Although molecular MRI potentially allows the direct
covisualization of tumor angiogenic activity with anatomy, its inherently low sen-
sitivity may be problematic due to the typically low abundance of upregulated
biomolecules. However, this difficulty can be overcome by using large-molecular-
weight constructs capable of carrying a high payload of paramagnetic dopants, and
multiple targeting ligands to enhance the relaxivity and targeting efficacy, respec-
tively, of the MRI probe. Oostendorp et al. developed a new class of paramagnetic
QDs (pQDs) by attaching biotin-poly(lysine) dendritic gadolinium to the surface
of streptavidin-bound QDs. The probe was labeled with cyclic Asn-Gly-Arg (cNGR)
for the noninvasive assessment of tumor angiogenic activity, using quantitative in
vivo MRI [148]. ctNGR colocalizes with an aminopeptidase (CD13) that is highly
overexpressed on the angiogenic tumor endothelium. An intravenous injection of
cNGR-pQDs in tumor-bearing mice resulted in an increased quantitative contrast,
allowing in vivo quantification and accurate localization of angiogenic activity
(Figure 1.13). Since, similar to the previously mentioned PET study [145], QD fluo-
rescence was used only ex vivo, and not in vivo, the full potential of in vivo dual-
modality imaging was not realized in this study.

1.4.5
Dual-Functionality QDs for Cancer Imaging and Therapy

Drug-laden nanoparticles have shown great promise for targeted drug delivery into
tumors. A premise of nanomedicine is that it may be feasible to develop multi-
functional constructs that combine diagnostic and therapeutic capabilities, thus
leading to a better targeting of drugs to diseased cells. The large surface area of
QDs, combined with their versatile surface chemistry, makes them convenient
scaffolds to accommodate anticancer drugs, either through chemical linkage or
by simple physical immobilization, leading in turn to the development of nanos-
tructures with integrated imaging and therapy functionalities. Bagalkot et al.
reported a multifunctional system which comprised a QD, RNA aptamers, and the
anticancer drug doxorubicin (Dox) for targeted cancer imaging, drug delivery, and
sensing [149]. The RNA aptamers were attached covalently to the surface of the
QDs to serve as targeting molecules for the extracellular domain of PSMA. The
intercalation of Dox in the double-stranded stem of the aptamer resulted in a
targeted tertiary conjugate with reversible self-quenching properties based on a
bi-FRET (fluorescence resonance energy transfer) mechanism, one between QD
and Dox and another between Dox and the aptamer. As demonstrated in the
in vitro experiment, the multifunctional nanoparticle system can first deliver
Dox to the targeted prostate cancer cells, and then sense the release of Dox by
activating the fluorescence of QD, which concurrently images the cancer cells. By
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Figure 1.13 T,-weighted anatomic MRI (c) and muscle tissue (d) showing pQD signal
images with color overlay of AR, (a) and AS,  (red) and EC-specific aCD31-FITC (green).

(b) for tumor (T) and muscle (M) tissue of The cNGR-pQDs accurately colocalized with
mice injected with cNGR-labeled or unlabeled tumor ECs, indicating binding of the contrast
pQDs (n = 7 for both groups). Changes in R,  agent to the tumor endothelium (c). The

were most pronounced at the tumor rim for ~ ¢cNGR-pQDs were also detected in muscle
cNGR-pQDs. Although an R; increase in the  tissue with TPLSM (arrows in d), although to

tumor rim was also observed for unlabeled a much lesser extent than in tumor tissue.
pQDs, the average response was threefold The ctNGR-pQDs did not display any

lower when compared to cNGR-pQDs, colocalization with muscle ECs, and were only
indicating a high specificity of cNGR for found intraluminally. Unlabeled pQDs were

angiogenic tumor endothelium. This is further not or only sparsely detected in both tumor
supported by the low changes in R, found in  and muscle tissue. Scale bar = 50um. From
muscle tissue. Changes in S, (b) colocalized  Ref. [148]; © 2008, American Association for
almost completely with changes in R, Cancer Research.

(a). Representative TPLSM images of tumor

-
%

incorporating multiple CG sequences within the stem of the aptamers, the drug-
loading capacity of the system can be further increased, thereby enhancing the
therapeutic efficacy of the conjugates. While this study was at a proof-of-concept
stage, using only cultured cancer cells, a subsequent study by Weng et al. proved
to be more immediately relevant to the in vivo imaging and treatment of solid
tumors [107]. Here, a multifunctional QD-conjugated immunoliposome system
(QD-ILs) was developed for tumor-cell targeting, imaging, and drug delivery,
where anti-HER2 single chain Fv fragments were attached to the surface of the
nanoparticle for targeted delivery to HER2-expressing breast cancer cells. The
anticancer drug Dox was encapsulated in the aqueous interior of the liposome
(Figure 1.14). In vitro experiments indicated that Dox-loaded QD-ILs were inter-
nalized by HER2-expressing cancer cells through receptor-mediated endocytosis,
and showed an efficient anticancer activity. In MCF-7/HER2 xenograft mouse
models, the localization of QD-ILs at tumor sites was confirmed by in vivo fluo-
rescence imaging (see Figure 1.11). It was also shown that QD-ILs could signifi-
cantly prolong the circulation of QDs in the bloodstream. Although the anticancer
activity of the Dox-loaded QD-ILs was not demonstrated in vivo, these studies will
nonetheless guide the future design and optimization of multifunctional nanopar-
ticle agents for in vivo-targeted tumor imaging and therapy.

Recently, RNA interference (RNAi) has become a powerful technology for
sequence-specific gene suppression. Although RNAi-effectuated oncogene silenc-
ing using siRNA represents an effective means of targeted gene therapy for various
cancers [185], the application of RNAi in vivo has been hampered by its rapid
excretion and nontargeted tissue distribution during systemic delivery. In order
to develop and optimize methods for the efficient delivery of siRNA into tumor
cells, QDs may also provide a versatile nanoscale scaffold to develop multifunc-
tional nanoparticles for targeted siRNA delivery and imaging of the delivery
process. In this regard, Derfus et al. used QDs as a scaffold to conjugate siRNA
against enhanced green fluorescent protein (EGFP) and tumor-homing peptide F3
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Figure 1.14 Schematic showing the structure  diameter of ~11 nm. Surface-derivatized QDs
of a QD-IL nanoparticle. The liposomal core  were chemically linked to functionalized
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freeze-fracture electron microscopy (f-EM). liposomes. Anti-HER2 single chain Fv
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organic coating (gray) covering the outer (MW ~ 25kDa) are not drawn to scale. The

surface of the inorganic shell (yellow) and the QD-ILs retain an aqueous interior for loading
semiconductor core (orange). They were also  and delivery of drugs/probes. From Ref. [107];
characterized by ff-EM, indicating an average ~ © 2008, American Chemical Society.

to functional groups on the QD surface. The F3 peptide, targeting cell-surface
nucleolin, was attached to achieve targeted internalization by tumor cells. It was
shown that the delivery of these F3/siRNA-QDs to EGFP-transfected Hela cells,
and release from their endosomal entrapment, led to a significant knockdown of
the EGFP signal [150]. Although this study was only a proof-of-concept, by design-
ing the siRNA sequences against oncogenes instead of EGFP, this technology
might ultimately be adapted for the simultaneous imaging and treatment of
cancers. More recently, Yezhelyev et al. reported a multifunctional nanoparticle
system for siRNA delivery and imaging using QDs with proton-absorbing poly-
meric coatings (“proton sponges”) [128]. By optimizing the proton-absorbing
capacity through balancing the composition of the tertiary amine and carboxylic
acid groups on the QD surface, an endosomal release of the siRNA was achieved
via the proton sponge effect. As a result, a dramatic (10-20-fold) improvement in
gene silencing efficiency, and a simultaneous five- to sixfold reduction in cellular
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toxicity, compared to existing transfection agents, was observed in MDA-MB-231
cells. The QD-siRNA nanoparticles were also dual-modality optical and electron-
microscopy probes, allowing real-time tracking and the ultrastructural localization
of QDs during delivery and transfection. These new insights and capabilities rep-
resent a major step towards nanoparticle engineering for combined imaging and
therapeutic applications.

1.5
Quantum Dot Cytotoxicity and Potential Safety Concerns

One major obstacle to fully exploring the in vivo applications of QDs in biomedical
imaging is the concern regarding their possible cytotoxicity. Compared to gold and
iron oxide nanoparticles (which have been used for several decades and have
proved to be biocompatible), QDs are relatively new materials and their toxicity
has not yet been fully characterized. Prior to any clinical applications on human
subjects, the biocompatibility of QDs must be characterized and any potential
safety concerns clarified.

A detailed discussion on the topic of QD toxicity may warrant a separate chapter,
or even a book. In addition, a number of dedicated reviews have been published
that summarize much of what is known in this area. Hoet et al. reviewed most of
the data available up to 2004 on the health effects of nanoparticles in general [186],
and some later reviews have since updated the topic, with data extended to 2007
[6, 187]. In 2006, Hardman published one of the most extensive reviews on the
toxicity of QDs in particular, in which the cumulative results from almost all previ-
ous in vivo studies (both cellular and small animal) were summarized [188].
Therefore, only a brief outline of previous major findings will be provided here,
and some of the most recent studies highlighted.

One source of QD cytotoxicity derives from the semiconductor materials that
are commonly found in the QD core, such as the heavy metals Cd and Se, the
toxicities of which are well known. Under certain circumstances, these elements
may leach from the QDs. By using hepatocytes, Derfus et al. showed that the
oxidation of Cd on the QD surface and subsequent Cd** release, mediated by
oxygen or ultraviolet light, is one possible mechanism responsible for QD cytotox-
icity [189]. The protective shell, which in most cases is ZnS, has a much lower
toxicity than the core; thus, adding a protective shell may result in a significant
reduction in the cytotoxic effects of QDs, as well as improving their optical proper-
ties [189, 190]. Most current studies have indicated that, when properly capped by
both ZnS and hydrophilic shells, no acute and obvious QD-induced toxicity was
detected in studies of cell proliferation and viability or systemic toxicity in mice
[191]. For example, in vivo studies performed by Ballou et al. indicated that stably
protected QDs had no apparent toxicity in mice over long periods of time [192].
However, the introduction of capping layers may still be insufficient to solve the
problem of cytotoxicity completely, as various other factors, including the aggrega-
tion of particles on the cell surface [51] and even the stabilizing QD surface ligands
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[193], have been shown to impair cell viability. Hence, the choice of an appropriate
surface coating has also been shown to be a critical parameter, since simple coat-
ings (e.g., thiol-containing carboxylic acids) present only a minor diffusion barrier
for Cd*". Thiol-coated QDs are also known for their poor colloidal stability [194,
195]; consequently, the introduction of inert and stable, macromolecular or
crosslinked surface coatings, may be an important improvement [196].

QD cytotoxicity should not be attributed solely to the toxic effect of Cd** released
from the particle core [197]. Another source of QD toxicity derives from the reac-
tive oxygen species (ROS) generated during excitation [197-200], since QDs can
transfer absorbed optical energy to oxygen molecules. Free radicals can cause
damage to DNA [201] and other cellular components and, as a consequence,
induce apoptosis and necrosis.

It should be pointed out that the unique structure of QDs presents a complex
set of physico-chemical characteristics that compounds studies in this area. The
QD cores can be constituted from different combinations of binary semiconduc-
tors such as CdSe, CdTe, CdS, and InP. Further, the cores are commonly encap-
sulated with a protective layer and are then functionalized with a variety of
surface-coating ligands that include small thiolated molecules or larger amphiphilic
polymers for aqueous compatibility. In fact, surface coatings have been found to
be determinants of QD cytotoxicity [112, 202, 203]. Additionally, the QDs may exist
in a wide range of sizes, with diameters ranging from a few nanometers to more
than 10nm, which may also affect their cytotoxicity [112]. For biological use, QDs
can be further modified with various proteins or nucleic acids. Cumulatively, this
combination of materials and physical properties serves to confound any system-
atic study of toxicity, even before issues such as dosage or exposure time are for-
mally addressed. As a result, most of the studies in the past have primarily been
observational in nature, where authors have reported the effects of a given QD
material on a particular cell line or animal, at some specified concentration(s) for
some exposure time [186-188]. Consequently, the results were mixed with some
which reported no visible toxicity [123, 204], while others reported high cytotoxicity
[205]. This can be interpreted to reflect what is posited above: the choice of core—
shell material and solubilization cap, in conjunction with the dosage/exposure
time, will obscure any simple assessments of toxicity. Therefore, more systematic
and extensive studies are required in order to fully understand the toxicity of QDs.
Recently, Chen et al. conducted a systematic study of the effect of dosage on cyto-
toxicity using a QD-antibody conjugate [125]. The results from this in vitro study
on the human hepatocellular carcinoma cell line HCCLMG6 indicated that the QD
cytotoxicity was dose-dependent. For example, with a dose of 1 x 10”mol1™ or less,
there were no discernable adverse effects on cell growth and development, but
when the dose exceeded 1 x 10’ moll™ a significant decrease in cell viability was
observed. In vivo studies with nude mice at a dose of 1 x 10°moll™ showed no
evidence of acute toxicity in the test group as compared to the control groups.

Besides cytotoxicity, another concern over QD safety for clinical applications is
their degradation, metabolism, and body clearance, which has not been studied
until recently. When Fischer et al. [206] investigated the distribution, sequestra-
tion, and clearance of mercaptoundecanoic acid-functionalized QDs in rats, the
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QDs coated with BSA were shown to be cleared more rapidly from serum than
those coated with crosslinked lysine. Further, almost all (99%) of the BSA-coated
QDs were found in the liver after 90min, as compared to only 40% of the lysine
QDs. These results may reflect one of the primary metabolic roles of endogenous
serum albumin. Interestingly, these QDs were not excreted by rats, even after 10
days. Recent studies on the biodistribution of QDs in live mice have revealed that
QDs can accumulate in the liver, spleen, and lymph nodes for significant periods
of time after systemic injection [107, 125, 140, 143, 182, 183].

Since QDs contains toxic materials, an understanding of the toxicity mecha-
nisms and the process of clearing nanoparticles from animal and human bodies
should be given serious attention in the near future. Recent studies have indicated
that even though QDs did not affect cell morphology, they might alter the expres-
sion of specific genes [207, 208], and therefore the potential risk at the molecular
level and the long-term effects of QDs on humans and the environment should
be carefully and extensively evaluated. However, there is at present a general
paucity of information on molecular mechanistic studies of QD toxicity. When
Choi et al. examined the cytotoxicity of QDs in human neuroblastoma cells, they
found that CdTe QD-induced toxicity was correlated with Fas upregulation on the
surface of treated cells and an increased membrane lipid peroxidation, that may
lead to an impaired mitochondrial function (Figure 1.15) [209]. It was also found
that QDs modified by N-acetylcysteine (NAC), an antioxidant, were internalized to
a lesser extent by the cells and were less cytotoxic than unmodified QDs.

Currently, several strategies have been developed to overcome the potential
toxicity of QDs. More stable and robust coatings can be developed to protect the
QD surfaces from oxidative environments, and QDs may also be encapsulated
inside polymeric nanoparticles for further protection. For example, Pan and
Feng used nanoparticles composed of a mixture of two vitamin E-containing
copolymers to encapsulate QDs in order to reduce their side effects, as well as to
improve their imaging effects. Compared to the free QDs, the QDs formulated in
polymeric nanoparticles showed a lower in vitro cytotoxicity for both MCF-7 cells
and NTH-3T3 cells [151]. In addition, more effective targeting systems can be
employed to increase the detection efficiency and reduce the required dose of QDs
[200]. Another possible strategy might be to develop new, high-quality QD systems
that do not contain potentially biologic toxic components. For example, Pradhan
et al. have synthesized Cu- or Mn-doped ZnSe QDs with acceptable quantum
efficiency and optical properties [190]. Clearly, progress made using these new
strategies will ultimately lead to improved cytotoxicity profiles for QDs.

1.6
Concluding Remarks and Future Perspectives

QDs, as a novel class of fluorescent probes, have lived up to many of their promises
for the molecular imaging of cancers. With rapid advances in their synthesis,
surface modification and bioconjugation, significant progress has been made in
applying QDs to potentially useful clinical applications, such as profiling cancer
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biomarkers in pathologic specimens, the in vivo imaging of cancer and metastasis,
and monitoring the clinical responses of tumors to therapy. In addition, the poten-
tial for using QDs in multimodality imaging and for combined imaging and
therapy has also been demonstrated. Despite all of these successes, several chal-
lenges remain for enhancing sensitivity, maximizing specificity, and minimizing
toxicity, all of which are areas to which future research should be directed. In
particular, the question of intrinsic toxicity and long retention times of the QD
probes within the body represent significant challenges to their medical use, and
these problems must be solved before clinical applications can proceed. Nonethe-
less, this exciting new technology holds great promise for improving the diagnosis
and treatment of patients with cancers.
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Quantum Dots for Targeted Tumor Imaging

Eue-Soon Jang and Xiaoyuan Chen

2.1
Introduction

Today, cancer has become one of the most serious global health threats with,
according to the American Cancer Society, 7.6 million people having died from
cancer worldwide during 2007 [1]. Cancer usually results from abnormal cell divi-
sion caused by complex interactions between carcinogens and the host’s genome,
with such abnormalities in the cell division process often giving rise to the forma-
tion of tissue lumps called tumors. Tumors may be either benign (noncancerous)
or malignant (cancerous). Malignant tumor tissue grows and invades all adjacent
tissues and organs around the primary cancer site, thereby obstructing the normal
physiological functions of the body. However, the cancerous cells gradually detach
from the primary site and spread through the blood and lymphatic system to
various parts of the body, forming new tumors; this process is known as cancer
metastasis (see Figure 2.1) [2]. Eventually, the malignant tumors cause various
organs of the body to start malfunctioning, leading to death.

The early diagnosis of cancer plays a crucial role in increasing the chance of
survival, and thus a highly sensitive molecular imaging system is extremely impor-
tant for diagnosing cancer. Among various imaging techniques, the resolution of
fluorescence microscopy is much higher than that of positron emission tomogra-
phy (PET), magnetic resonance imaging (MRI), and optical coherence tomography
(OCT), as shown in Figure 2.2 [3]. In addition, fluorescence microscopy systems
are rapid and the procedure is economic compared to other noninvasive imaging
systems such as MRI, PET, computed tomography (CT), single photon emission
CT (SPECT), and ultrasound scans, as shown in Table 2.1 [4]. In particular, fluo-
rescence microscopic methods using quantum dots (QDs) have a high sensitivity
in detecting abnormalities on the microscopic level.

In comparison with organic fluorophores, QDs have unique chemical and physi-
cal properties such as excellent photoresistance, chemical resistance, narrow sym-
metric fluorescence emission with broad absorption spectra, large effective
excitation and emission Stokes shifts, and high quantum yield (as summarized in
Tables 2.2 and 2.3 [5]).

Nanomaterials for the Life Sciences Vol.6: Semiconductor Nanomaterials.
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(e) Extravasation
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(b) Proliferation/
angiogenesis

Adherence to
vessel wall

Establishment of a
microenvironment

Figure 2.1 The main steps in the formation of
a metastasis (adapted from Ref. [2]). (a)
Cellular transformation and tumor growth; (b)
Extensive vascularization must occur if a
tumor mass is to exceed 1-2mm in diameter;
(c) Local invasion of the host stroma by some
tumor cells occurs by several parallel
mechanisms. Thin-walled venules, such as
lymphatic channels, offer very little resistance
to penetration by tumor cells and provide the
most common route for tumor-cell entry into
the circulation; (d) Detachment and
embolization of single tumor cells or
aggregates occurs next, with most circulating
tumor cells being rapidly destroyed. After the
tumor cells have survived the circulation, they

2.2
Types of Quantum Dots (QDs)

Arrest in organs

(c) Detachment/
invasion

(d) Embolism/
circulation

Lymphatics,
venules,
capillaries

Interaction with platelets,
lymphocytes and other
blood components

Transport

Heart

become trapped in the capillary beds of
distant organs by adhering either to capillary
endothelial cells or to subendothelial
basement membrane that might be exposed;
(e) Extravasation occurs next, probably by
mechanisms similar to those that operate
during invasion; (f) Proliferation within the
organ parenchyma completes the metastatic
process. To continue growing, the
micrometastasis must develop a vascular
network and evade destruction by host
defenses. The cells can then invade blood
vessels, enter the circulation, and produce
additional metastases. Reprinted with
permission from Ref. [2]; © 2003, Nature
Reviews Cancer.

When energy above a band gap is applied to semiconductors, electrons transfer
from the valence to the conduction band, thereby creating electron-hole pairs
known as excitons. The distance between the electron and the hole is called the
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Figure 2.2 Comparison of the spatial and structured-illumination microscopy (SSIM)
temporal resolutions of biological imaging have not been shown on biological samples,
techniques. The size scale is logarithmic. and thus their temporal resolutions are not
Average sizes of biological features are given; determined (ND). ER, endoplasmic reticulum;
specific sizes vary widely among different MRI, magnetic resonance imaging; OCT,
species and cell lines. The spatial and optical coherence tomography; PALM,
temporal resolutions are estimates of current  photoactivated localization microscopy; PET,
practices, and some were taken from Ref. positron-emission microscopy; STED,
[118]. The spatial resolution is given for the stimulated emission depletion; STORM,
focal plane. The temporal resolution is not stochastic optical reconstruction microscopy;
applicable (NA) for electron microscopy (EM) TIRF, total internal reflection fluorescence;
or near-field scanning optical microscopy US, ultrasound; WF, wide-field microscopy.

(NSOM) because they image static samples.  Reprinted with permission from Ref. [3]; ©
Ground-state depletion (GSD) and saturated 2008, Nature Materials.

Bohr radius (a few nanometers) of the exciton. If the size of semiconductors is
smaller than the Bohr exciton radius, then a quantum confinement effect is gener-
ated and the band gap is increased in inverse proportion to the radius of the
nanocrystal. Semiconducting QDs are composed of a few hundred or a few thou-
sand atoms, and therefore the energy band is quantized to discrete levels (see
Figure 2.3a) [6]. Over the past two decades, the size-dependent optical properties
of QDs have been studied extensively in a variety of semiconductor QDs, and the
wavelengths of fluorescence emissions have been finely tuned from the ultraviolet
(UV) to near-infrared (NIR) regions by size control (see Figure 2.3b) [7]. However,
the ratio of emitted to absorbed photons (the quantum yield; QY) is seriously
reduced by many surface defects of QDs resulting from trapping electrons or
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Table 2.2 Comparison of organic dyes and QDs.

Property Organic dye QD’
Absorption Discrete bands, FWHM" 35nm‘to  Steady increase toward UV
spectra 80-100nm* wavelengths starting from

Molar absorption
coefficient

Emission spectra

Stokes’ shift

Quantum yield

Fluorescence
lifetimes

Two-photon
action
cross-section

Solubility or
dispersibility

Binding to
biomolecules

Size

Thermal stability

Photochemical
stability

Toxicity

2.5x10%-2.5 x 10°M'cm™ (at
long-wavelength absorption
maximum)

Asymmetric, often tailing to
long-wavelength side; FWHM,
35nm° to 70-100nm*

Normally <50nm°, up to >150nm*

0.5-1.0 (visible‘), 0.05-0.25 (NIR’)

1-10ns, mono-exponential decay

1% 107°-5 x 10" cm*s photon™
(typically about 1 x 10 cm*s
photon™)

Control by substitution pattern

Via functional groups following
established protocols

Often several dyes bind to a single
biomolecule

Labeling-induced effects on
spectroscopic properties of reporter
studied for many common dyes

~0.5nm; molecule

Dependent on dye class; can be
critical for NIR-wavelength dyes

Sufficient for many applications
(visible wavelength), but can be
insufficient for high-light flux
applications; often problematic for
NIR-wavelength dyes

From very low to high; dependent
on dye

absorption onset; enables free
selection of excitation wavelength

10°-10°M ™" em™ at first excitonic
absorption peak, increasing
toward UV wavelengths; larger
(longer wavelength) QDs
generally have higher absorption

Symmetric, Gaussian profile;
FWHM, 30-90 mm

Typically <50nm for visible
wavelength-emitting QDs

0.1-0.8 (visible), 0.2-0.7 (NIR)

10-100ns, typically
multiexponential decay

2 x 10—-4.7 x 10*cm*s photon™

Control via surface chemistry
(ligands)

Via ligand chemistry; few
protocols available

Several biomolecules bind to a
single QD

Very little information available
on labeling-induced effects

6-60nm (hydrodynamic
diameter); colloid

High; depends on shell or ligands

High (visible and NIR
wavelengths); orders of
magnitude higher than that of
organic dyes; can reveal
photobrightening

Little known yet (heavy metal
leakage must be prevented,
potential nanotoxicity)
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Property Organic dye QD"

Reproducibility Good, owing to defined molecular ~ Limited by complex structure and
of labels (optical,  structure and established methods  surface chemistry; limited data
chemical of characterization; available from available; few commercial systems
properties) commercial sources available

Applicability to Moderate; limited by Good; limited by blinking

single-molecule
analysis

FRET

Spectral
multiplexing

Lifetime
multiplexing

Signal
amplification

photobleaching

Well-described FRET pairs; mostly
single-donor-single-acceptor
configurations; enables
optimization of reporter properties

Possible, three colors (MegaStokes
dyes), four colors (energy-transfer
cassettes)

Possible

Established techniques

Few examples; single-donor-
multiple-acceptor configurations
possible; limitation of FRET
efficiency due to nanometer size
of QD coating

Ideal for multicolor experiments;
up to five colors demonstrated

Lifetime discrimination between
QDs and organic dyes

Unsuitable for many enzyme-
based techniques, other
techniques remain to be adapted
and/or established

Properties of organic dyes are dependent on dye class and are tunable via substitution pattern.

Properties of QDs are dependent on material, size, size distribution and surface chemistry.

a  Emission wavelength regions for QD materials (approximate): CdSe, 470-660 nm; CdTe,
520-750nm; InP, 620-720nm; PbS, >900nm; and PbSe, >1000 nm.

CT dyes.

o N o

FWHM, full width at half height of the maximum.
Dyes with resonant emission such as fluoresceins, rhodamines and cyanines.

Definition of spectral regions used here: visible, 400-700 nm; and NIR, >700nm.

Unless stated otherwise, all values were determined in water for organic dyes and in organic
solvents for QDs, and refer to the free dye or QD.
Adapted from Ref. [5].

holes. One way to increase the QY is by surface passivation of the QDs through
an overgrowth of a second semiconductor on core QDs, and this results in core—
shell nanostructures. This shell can be finely controlled to obtain QY values close
to 85% [8]. Moreover, this approach enhances both chemical and physical resist-
ances by several orders of magnitude relative to organic dyes [5, 9-11].

Figure 2.4 and Table 2.4 show the band gaps and the relative position of elec-
tronic energy levels of the Group III-V, II-VI, and IV-VI bulk semiconductors
that are commonly used for the core-shell QDs synthesis [12, 14]. Although
tremendous core—shell systems have recently been developed, they are simply
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and sizes of semiconducting QDs with
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Figure 2.4 Electronic energy levels of selected I111-V and II-VI
semiconductors using the valence-band offsets. (VB = valence
band; CB = conduction band). From Ref. [12].

classified in three types as type-I, reverse type-I, and type-II, depending on differ-
ent band alignments (Figure 2.5) [12]. In type-I the band gap of the shell material
is larger than that of the core; in reverse type-I the band gap of the shell is smaller
than that of the core; and in type-II the valence-band edge of the shell material is
located in the bandgap of the core. Such typical energy band alignments lead to a
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Table 2.4 Material parameters of selected bulk semiconductors.

Material ~ Structure (300K)  Type E,., (eV) Lattice parameter (A)  Density (kgm™)

ZnS Zinc blende 11-VI 3.61 5.41 4090
ZnSe Zinc blende 11-VI 2.69 5.668 5266
ZnTe Zinc blende 11-vI1 2.39 6.104 5636
CdsS Wurtzite 11-VI 2.49 4.136/6.714 4820
CdSe Wurtzite 11-VI 1.74 4.3/7.01 5810
CdTe Zinc blende 11-V1 1.43 6.482 5870
GaN Wurtzite 11-v 3.44 3.188/5.185 6095
GaP Zinc-blende In-v 2.27 5.45 4138
GaAs Zinc-blende n-v 1.42 5.653 5318
GaSb Zinc-blende In-v 0.75 6.096 5614
InN Wurtzite 11-v 0.8 3.545/5.703 6810
InP Zinc blende 1n-v 1.35 5.869 4787
InAs Zinc-blende In-v 0.35 6.058 5667
InSb Zinc-blende n-v 0.23 6.479 5774
PbS Rocksalt IV-VI 0.41 5.936 7597
PbSe Rocksalt IV-VI 0.28 6.117 8260
PbTe Rocksalt V-Vl  0.31 6.462 8219

Adapted from Ref. [13].

Reverse Type |

Type | Typell

Figure 2.5 Schematic representation of the energy-level
alignment in different core—shell QDs. The upper and lower
edges of the rectangles correspond to the positions of the
conduction- and valence-band edge of the core and shell
materials, respectively. Adapted from Ref. [15].

different confinement phenomenon of the electron and the hole in different
regions of the core—shell QDs.

2.2.1
Type | Core-Shell QDs

In type-I core-shell QDs, all charge carriers are confined in the core material, and
thus the radiative recombination process occurs in the core QD (see Figure 2.6).
Consequently, the wavelength of the fluorescence emission is mainly attributed
by controlling the size of the core materials. One purpose of the shell overgrowth
in type-I core-shell QDs is passivation of the core materials, so as to increase the
fluorescence QY and photostability. Notably, the surface of the core is protected
from chemical and physical environments by the growing shell layer. Moreover,
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Figure 2.6 Schematic band structure and examples of type-I core—shell QDs.

the surface dangling bonds, which serve as trap sites for charge carriers, may be
reduced such that the QY can be enhanced by overgrowth of the shell [13, 16, 17].
If the shell layer is too thick, however, then strain at the interface between the core
and shell may be induced by the lattice mismatch and, as a result, the QY may
generally deteriorate due to the generation of defect sites. In the opposite case,
both the photostability and chemical resistance are reduced for the resultant core—
shell QDs. Clearly, control of the shell thickness represents a key point in the
core—shell system for effective passivation, and a successive ion layer adsorption
and reaction (SILAR) method is usually adapted for growth of the shell layers [15].
This method is based on forming one monolayer at a time by alternating the injec-
tions of cationic and anionic precursors. In addition, the temperature for shell
growth is generally lower than that used for the core QDs synthesis, so as to
prevent nucleation of the shell material and an uncontrolled ripening of the core
QDs.

In the type-I core—shell system, the Group II-VI, I1I-V, and IV-VI semiconduc-
tors are commonly adapted for the core materials. Type-I core—shell systems based
on three different types of core material are discussed further in the following
section.

2.2.1.1  Group I1-VI Semiconductor Core—Shell QDs

The CdSe/ZnS QD is a representative of the type-I core-shell system, and the
most intensively studied of the molecular imaging probes. In the CdSe/ZnS
system, a QY above 50% is easily obtained by growing only one to two monolayers
of ZnS [16, 18].

A general approach for the synthesis of core—shell QDs should consider not only
an appropriate band alignment but also the lattice mismatch between the core and
shell materials so as to obtain epitaxial growth. In particular, a large lattice mis-
match will result in strain and the formation of defect states at the core—shell
interface, or within the shell. Therefore, the QY could be reduced by generating
defects as trap states of charge carriers [19]. The lattice mismatch between CdSe
and CdS was only 3.9%, which was significantly lower than that of ZnS (10.3%)
and ZnSe (6.3%) [8, 13]. Therefore, CdS may be the most suitable shell material
for CdSe-based core-shell QDs with epitaxial growth. Peng et al. reported the
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Figure 2.7 Photoluminescence (PL) spectra for CdSe/ZnS
core—shell QDs (left panel) and UV-visible and PL spectra of
CdSe/CdS core—shell QDs (right panel) upon growth of shell
layers. Adapted from Refs [16] and [19].

synthesis and detailed characterization of a series of CdSe/CdS QDs with QYs
above 50%. Moreover, the CdSe/CdS system has the same cation at the interface,
which leads to a large offset in the valence band and a relatively small offset in
the conduction band; this also indicates that the photogenerated electrons in the
core might be easily transferred into the shell layer, in contrast to CdSe/ZnS core—
shell system. As shown in Figure 2.7, a bathochromic shift (red shift) in the
photoluminescence (PL) spectra of CdSe/CdS is approximately 50nm upon growth
of the CdS shell (five-layer), but is only 10nm in the CdSe/ZnS system. This
indicates that the photogenerated electrons for the CdSe/CdS system may be easily
delocalized over the entire core-shell structure, and more so than for the CdSe/
ZnS system.

In contrast to the CdSe/CdS core-shell system, CdSe/ZnSe has a common
anion species in the core and shell materials, such that a small valence band offset
and a large conduction band offset between the core and the shell is expected. This
leads to an efficient confinement of the electrons in the core, and the holes may
be leaked from the core to the shell by a relatively small barrier in the CdSe/ZnSe
system.

As the band gap of CdTe (1.43eV) in the bulk state is smaller than that for CdSe
(1.74eV) (see Table 2.4), it represents a good candidate for the design of NIR-
emitting (700-900nm) QDs. These NIR QDs play a key role in the imaging of
various biological targets, because fluorescence imaging in the UV and visible
regions is interfered with by the autofluorescence of blood, tissues, and proteins
(see Figure 2.8) [20, 21]. Moreover, the penetration depth of NIR fluorescence
is greater than that of both UV and visible fluorescence. Although NIR QDs
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Figure 2.8 Photograph of autofluorescence observed in a
mouse with various wavelength filter sets. GB = gallbladder;
S| = small intestine; Bl = bladder. Reprinted with permission
from Ref. [20]; © 2002, Elsevier.

demonstrate a great potential for imaging in living subjects, very little success has
been reported in the synthesis of CdTe-based core-shell systems, as most of shell
materials with a type-I band alignment have a large lattice mismatch with respect
to CdTe [22, 23]. However, the results of the CdTe/CdS core-shell system are
worthy of notice because a high QY of 85% is realized via the aqueous synthetic
approach [24]. Such high fluorescence emission is comparable to that of CdSe/
CdS core-shell system with the small lattice mismatch between the core and the
shell materials, as noted above.

2.2.1.2  Group llI-V Semiconductor Core—Shell QDs

Recent research into Group I1I-V semiconductor-based QDs has increased inten-
sively on the basis that they are less toxic than Cd-based II-VI semiconducting
QDs. The small band gaps of I1I-V semiconductors are also suitable for NIR fluo-
rescence applications (see Table 2.4). However, far fewer synthetic approaches are
available to ITI-V semiconductor-based core—shell systems than to II-VI semicon-
ductor core-shell QDs.

Indium phosphide (InP) is representative of I1I-V semiconducting QDs, and its
fluorescence emission can be tuned from visible to NIR regions simply by control-
ling the crystal size. However, an early version of an InP QD exhibited poor optical
properties, such as a broad PL peak width and band-edge emission related defect
sites, as compared to CdSe QD; in particular, the QY was low, at less than 1%
[24-26]. Subsequently, the QY has been increased remarkably, by up to 30-40%,
by eliminating the surface phosphorus atoms lying at the origin of the trap states
via a photoassisted etching process [27, 28]. Such success in preparing the InP
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Figure 2.9 Left: Photoluminescence spectra of different-sized
InP/ZnS CS NCs. Right: Upper panel: Transmission electron
microscopy image (mean particle diameter 4.5 nm); middle
panel: photograph of different-sized samples under room
light; bottom panel: under UV light. Reprinted with
permission from Ref. [29]; © 2008, Royal Society of
Chemistry.

core QD with high optical properties subsequently allowed development of the
InP/ZnS core-shell QD system with a high quantum yield of 60-70% and a wide
fluorescence emission that ranged from UV to NIR (Figure 2.9) [29, 30]. This
recent progress in InP/ZnS core-shell systems promises excellent applications for
biological fluorescence marking, rather than CdSe-based core—shell systems.

Another I1I-V core—shell system is based on the InAs core and the InP, GaAs,
CdSe, ZnSe, and ZnS shells [31, 32]. Here, the fluorescence emission is tunable
between 800 and 1400nm by controlling the InAs core size (1-4nm). In addition,
the QYs are changed on the shell materials (InAs/InP = 0; InAs/ZnS = 8%; InAs/
CdSe and InAs/ZnSe = 20%) [33]. For the InAs/ZnSe and InAs/ZnS core—shell
systems, the photogenerated carriers are strongly confined within the InAs core
due to the large band offsets (see Figure 2.10), and thus absorption and emission
onset are almost the same as that of the InAs core. In contrast, a bathochromic
shift (red shift) of the emission is observed from the InAs/CdSe core—shell system
as a consequence of a small band offset between the core and the shell (see
Figure 2.10).
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Figure 2.10 Schematic representation of the band offsets (in
eV) and lattice mismatch (in %) between the core InAs and
the 111V semiconductor shells (left side), and 11-VI
semiconductor shells (right side). CB = conduction band,

VB = valence band. Reprinted with permission from Ref. [32];
© 2000, American Chemical Society.

2.2.1.3  Group IV-VI Semiconductor Core-Shell QDs

The bulk band gaps of Group IV-VI semiconductors are relatively small, which
means that these materials are good candidates for the design of NIR core—shell
systems. The majority of studies with the IV-VI core-shell system have focused
on PbSe/PbS core-shell QD. For example, Lifshitz and coworkers reported the
synthesis of PbSe/PbS and PbSe/PbSe,S,_, core-shell QDs emitting in the range
of 1-2mm with QYs of 40-50% and 65%, respectively [33, 34]. To this end, Holl-
ingsworth and coworkers developed PbSe/CdSe core—shell QDs by the exchange
of surface lead ions with cadmium [35]. As a consequence, a greatly improved
stability of the optical properties was observed, which could be further enhanced
by subsequent overgrowth of the CS system with an additional ZnS shell.

222
Reverse Type | and Type Il Core-Shell QDs

In the reverse type-I core—shell system, the band gap of the core material (ZnSe)
is larger than that of the shell material (CdSe) [36], and consequently both the
electrons and holes are localized into the shell layer (see Figure 2.11). Therefore,
fine-tuning of the fluorescence emission over a broad spectral range (400-700nm)
is usually achieved by controlling the thickness of the shell layer (Figure 2.12)
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Figure 2.12 Upper panels: High-resolution corresponding absorption (right) spectra of
(HR)-TEM images of ZnSe core QDs and the ~ ZnSe/CdSe core-shell QDs with different
corresponding ZnSe/CdSe core—shell QDs numbers of CdSe monolayers: (a) 0; (b) 0.1;
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CdSe monolayers, ML). Lower panels: Reprinted with permission from Ref. [37];
Normalized photoluminescence (left) and © 2005, American Chemical Society.
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[37]. Moreover, a QY of 45-80% is of a similar degree to that of the CdSe-based
type-I core—shell system. An alternative inverted type-I core—shell system, namely
CdS/CdSe core-shell QD, has an emission range of 520-650nm and a QY of
20-40% [38].

In type-1I core—shell systems, both the valence and conduction bands of the core
materials are lower (or higher) than those of the shell materials (Figure 2.13), and
therefore the electrons (or the holes) will be localized into the shell, and the holes
(or electrons) confined into the core, respectively (see Figure 2.13). Consequently,
it is to be expected that the optical properties of the type-II core—shell system would
be quite different from those of the type-I and reverse type-I core—shell systems.
The fluorescence emission of type-II core—shell systems can be changed by con-
trolling the thickness of the core or the shell, or both. Figure 2.14a shows the
room-temperature PL emission spectra of CdTe/CdSe QDs in which the emission
range is changed dramatically, from 700nm to 1000 nm, simply by controlling the
core size and shell thickness [39]. In contrast, the observed mean decay lifetime
(57ns) of CdTe/CdSe QDs was significantly longer than that of the corresponding
core CdTe QDs (9.6ns). Moreover, the radiative and nanoradiative lifetimes of the
CdTe/CdSe core—shell system were 120-fold and 3.6-fold larger than those of the
CdTe core QDs, respectively. The longer radiative lifetime of type-II core—shell
system derives from the slow electron-hole recombination of excitons as a conse-
quence of charge carriers separated between the core and the shell. In addition,
the longer nonradiative lifetime may result from the suppression of hole-trap-
mediated nonradiative channels on the CdTe/CdSe QDs, because the holes are
localized into the CdTe core [39].
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Figure 2.14 (a) Normalized room-temperature in the spectra); (b) Normalized PL intensity
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By contrast, the ZnSe/CdSe type-II system is composed of the ZnSe core
with a wide band gap, and the CdSe shell with a narrow bad gap; such ZnSe/
CdSe core—shell QDs exhibit a high QY of 80-90% [40]. One interesting property
of the ZnSe/CdSe system is the change in band edge alignment from type-I
to type-II and reversible type-I by increasing the CdSe shell thickness (see
Figure 2.15) [40]. Another property is the tunability between type-I and type-II
regimes, which can be achieved by simply varying the shell thickness for a fixed
core radius.

223
Core—Shell-Shell (CSS) QDs

The requirements for QDs with multiple passivating shells derive from an
insufficiency of the core and the shell materials with appropriate band align-
ments and small lattice mismatch for the core—shell system. In particular, a
large lattice mismatch between the core and shell materials will result in a low
QY, and therefore the insertion of another shell with an intermediate lattice
parameter into the core—shell system could lead to a reduction in lattice strain
at the core—shell interface. In the InAs/CdSe/ZnS CSS system, in order to
reduce the strain effect resulting from a large lattice mismatch (~7%) between
InAs and ZnSe, the CdSe shell is adapted for the buffer layer because the lattice
mismatch between InAs and CdSe is actually almost zero (see Figure 2.16).
Normally, such CSS systems would have a higher photostability and QY than
the core-shell systems. As another approach in the CSS system, the InAs QDs
may be overcoated with a CdSe/ZnSe double shell, such that the resultant InAs/
CdSe/ZnSe QDs would exhibit a high QY of 70% in the spectral region of 800—
1600nm [41].
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The CdSe/ZnTe/ZnS and CdSe/CdTe/ZnTe CSS systems have also been
acquired from type-II core—shell systems by the addition of a large-bandgap outer
layer. In the case of the CdSe/CdTe/ZnTe CSS QDs, the intermediate CdTe shell
serves as a barrier layer for electrons in the CdSe core and holes in the ZnTe outer
shell; as a consequence, the radiative lifetime was increased to 10ms [42].
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23
Surface Modifications of QDs for Bioapplications

2.3.1
Preparation of Water-Soluble QDs

Most QDs are synthesized in nonpolar organic solutions using aliphatic coordinat-
ing ligands such as trioctyl phosphine (TOP) and trioctyl phosphine oxide (TOPO).
Consequently, they must be rendered water-dispersible for the bioapplications by
either the exchange or functionalization of the inherently coordinated organic
ligands on the surface of the QDs. Recently, a variety of methods has been devel-
oped to prevent aggregation or precipitation of the QDs in aqueous solution, the
procedure being commonly classified by three strategies. The different approaches
to achieve phase transfer of the QDs are illustrated in Figure 2.17 [43].

As in the first approach, the TOPOs on the surface of QDs are substituted
by bifunctional ligands, in which one end group (e.g., thiol) has a high affinity
with the QD surface, while the other end group is hydrophilic. Usually, thiolated
or aminated water-soluble ligands, such as mercaptoacetic acid (MAA) [44], mer-
captopropionic acid (MPA) [45, 46], mercaptoundecanoic acid (MUA), methoxysi-
lane, cystamine, and cysteine, are used for the preparation of water-dispersible
QDs. These amine- or carboxyl-terminated ligands create the surface charges of
the QDs such that, consequently, the QDs may become electrostatically stabilized
under an aqueous medium. This method is very simple and useful for biological

83
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siloxane; (h) carboxylic acid-functionalized

assays, except that the CdSe QDs coated by hydrophilic thiol ligands exhibit pho-
tochemical instability [47]. In addition, the MPA-bonded CdSe/ZnS QDs are unsta-
ble due to dynamic thiol-ZnS interactions which result in precipitation of the QDs.
Therefore, the water-compatibility must be maintained generally for short periods,
generally less than one week [48]. In the case of dihydrolipoic acid (DHLA) -sub-
stituted QDs, their water stability is increased remarkably up to a few years, owing
to the bidentate chelate effect of the dithiol groups [49, 50].

A second method of preparing water-soluble QDs is via the encapsulation
of polyethylene glycol (PEG) [51, 52], oligomeric phosphines [53], amphiphilic
triblock copolymers [54], dendrimers, and phospholipids[55] through van der
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Engineering Society.

Waals interactions with TOPO ligands on the surface of the QDs. However, the
mean diameter of the resultant QDs is generally much larger than that of the
mercaptopropionic acid or cystamine conjugated QDs (see Figure 2.18) [56].
Unfortunately, such an excessive size could hinder the widespread implementa-
tion of QDs for molecular imaging. Moreover, amphiphilic polymers often lead
to an increase of the surface charge, resulting in nonspecific binding to the cell
membranes. Although PEGylation of the polymer-coated QDs may reduce the
nonspecific adsorption [57], the size of the resulting QDs would be further
increased.

In contrast, a silica shell may be generated by the silanization of methoxysilane
bonded to the QD surface. Such a silica coating can enhance the stability of the
QDs against a broad pH range in various solvents. Moreover, the silica shells can
be easily functionalized, thus allowing the QDs to be conjugated to other biomol-
ecules or nanoparticles. However, the QY of silica-coated QDs in PBS buffer solu-
tion (~18%) is much less than that of inherent QDs in hydrophobic solvents,
mainly because the amorphous silica layer is insufficient to exclude the external
aqueous solvents. This problem may be solved by applying a surfactant-assisted
microemulsion technique, as shown in Figure 2.19 [58, 59]. Namely, the hydro-
phobic polymers are sandwiched between the QDs, while the silica shell prevents
permeation of the water molecules. This approach to creating silica-coated QDs
may be extended to the synthesis of multimodal imaging probes. In general, two
basic structures of the QD-based optical/ MR dual modality probes have been
developed (Figure 2.20). The first structure consists of the QD, the biocompatible
ligands (e.g., PEG), and the paramagnetic lipids (Figure 2.20a) [60, 61]. Although
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Refs [58] and [59]; © 2006, American Chemical Society
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Figure 2.20 Schematic illustration of multimodal QD probes.
(a) QD with target-specific molecules and paramagnetic
lipids; (b) The structure of a multimodal QD probe, based on
silica-coated QD micelles. Adapted from Ref. [60]; © 2007,
Nature Publishing Group.

this structure is very compact, the paramagnetic molecules compete with the
target-specific ligands for the limited number of active sites on the surfaces of the
QDs. Therefore, the MR contrast effect might be reduced by a low concentration
of the conjugated paramagnetic molecules through such a competitive process.
The second structure was developed from the silica-coated QDs. For this, para-
magnetic molecules are intercalated into the hydrophobic micelle layer on the
surface of the QDs, after which the resultant structure is encapsulated by silica
layer (see Figure 2.20Db) [58]. The paramagnetic molecules can be substituted with
either radioisotopic substances or X-ray contrast agents. This type of multimodal
probe has a high QY of 30-50%, mainly because the QDs are effectively isolated
from the aqueous solutions by the hydrophobic micelle. In addition, as the para-
magnetic molecules are also protected by silica layer, this results in a MR contrast
effect that is less affected by the external environment than the multimodal probes
of the first structure. Most recently, this strategy was extended to a multimodal
imaging probe with the CSS QDs and the gadolinium-based T, contrast agents
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to the QD/silica particles in chloroform, lipids. Reprinted with permission from Ref.
which is subsequently added to a HEPES [63]; © 2008, American Chemical Society.

(see Figure 2.21) [62]. In this structure, the Ga-DTPA-DSA molecules were incor-
porated onto the outer silica shell because a T; contrast effect could be generated
by interaction with H,0 molecules in the biological environment.

Recently, functionalized PEGs with —-OH, -NH,, and ~-COOH have been devel-
oped, such that the effective reduction of nonspecific binding could be demon-
strated by fluorescence observations of a human cell line incubated with
ligand-coated QDs. As shown in Figure 2.22, the nonspecific binding event is mini-
mized in the hydroxy-PEG-coated QDs and carboxy-PEG-coated QDs, whereas the
amine-PEG-coated QDs showed a significant enhancement of nonspecific binding
[52]. It is likely that the amine-PEG-coated QDs exhibited a highly positive charge,
and this led to an increase in the electrostatic interaction with the cell membrane.

23.2
Bioconjugation of QDs

In order to improve the use of QDs as molecular imaging probes with specific
targeting abilities, they must first be conjugated to a biological molecule, such as
a peptides, protein, antibody or oligonucleotide, without disturbing the biological
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activity of the latter molecules. As noted above, most water-soluble QDs have
carboxyl, amine, and inherently hydrophobic groups on their outer surfaces, which
allows the linking of biomolecules to the QD surface through three basic conjuga-
tion methods that can be categorized as covalent bonding, direct conjugation, and
electrostatic interaction (Figure 2.23).
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Currently, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is the most
popular crosslinker for the covalent conjugation of a primary amine with a carboxyl
group, whereas 4-(N-maleimidomethyl)-cyclohexanecarboxylic acid N-hydroxysuc-
cinimide ester (SMCC) can be used to couple the primary amine with the thiol
groups (Figure 2.23a). The use of these methods has led to numerous reports of
QDs being conjugated with a variety of biological molecules, including biotin [62],
oligonucleotides [63], peptides [64], and proteins including avidin/streptavidin [65],
albumin [66], adapter proteins (e.g., protein A, protein G) and antibodies [65, 67].
However, it appears that QDs bioconjugated through the EDC crosslinker are
more easily aggregated, presumably because the numerous surface functional
sites can crosslink the many protein target sites.

A further bioconjugation method relies on direct bonding to the QD surface (see
Figure 2.23b). For example, polyhistidine with a metal affinity could first be
bonded to Zn atoms on the QD surface, after which the biomolecules could be
coordinated to polyhistidine [68-74]. For those QDs with sulfur atoms on their
surfaces, the thiol bonding of cysteine residues can be useful for conjugation with
the QDs, and indeed the Weiss group has shown that phytochelatin peptides
containing multiple cysteine residues can both “cap” a QD and impart subsequent
biological activity [75-77].
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By contrast, streptavidin-coated QDs may be used to conjugate with biotinylated
proteins and antibodies (Figure 2.23c), and as a consequence have been shown to
be useful for detecting Her2 cancer markers on the surface of SK-BR-3 human
breast cancer cells [78]. Whilst the strong affinity of streptavidin—QDs towards
biotinylated proteins and antibodies makes them an attractive proposition, they
will unfortunately bind indiscriminately to all biotinylated proteins, such that only
one targeted use is allowed. Moreover, the increased volume of the streptavidin—
QD, when conjugated with a biotinylated antibody, may physically limit its attach-
ment to some receptors.

The engineering of proteins to express positively charged domains allows them
to self-assemble onto the surface of negatively charged QDs through an electro-
static assembly (Figure 2.23d). In fact, this approach has been proven useful for
attaching a variety of engineered proteins to QDs, including maltose-binding
protein (MBP), that express a positively charged leucine-zipper domain [48]. Fol-
lowing self-assembly, the resultant bioconjugate may be purified over an amylose
resin. Further modification of this strategy allows both the attachment of antibod-
ies to the QD, and purification of the bioconjugate for subsequent immunoassays
[79-84]. Genetic engineering can also be used to introduce the positively charged
leucine-zipper onto protein G, such that positively charged protein G can be
immobilized on the QD and then used to bind the Fc region of antibodies [81, 84].

24
Methods of Delivering QDs into Tumors

2.4.1
Passive Targeting

In a fast-growing tumor, rapid vascularization leads to be an enhanced permeabil-
ity and retention (EPR) effect [85-88]. Subsequently, the accumulation of QDs at
the tumor site occurs by their leaking from the circulation, as tumors lack an
effective lymphatic drainage system (Figure 2.24) [89]. This passive delivery of QDs
into cancer cells relies on the inherent physico-chemical properties of the QDs,
notably of the particle size and surface properties.

A variety of size-based clearance mechanisms has been shown to exist in the
blood (Figure 2.25) [90-93]. For tumor targeting, the particle size should be less
than 100nm in diameter in order to maximize the circulation times, whereas
particles larger than 500 nm can be easily phagocytosed by macrophages [90]. Chan
et al. found the cell uptake for gold nanoparticles of 50nm diameter to be much
higher than for gold nanoparticles of 14 and 74nm diameter [91]. In addition,
Osaki et al. found the endocytosis of QDs to be highly size-dependent
(50nm > 15nm > Snm), although the different surface properties of the QDs
precluded any rigorous comparison [92]. When another group determined the
size-dependent immunogenicity of polystyrene (PS) particles with diameters of
1 ~ 6 um, the phagocytosis was maximal for particles of 2-3 um [93]. Interestingly,
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Figure 2.24 Schematic representation of QDs delivery process
into the tumor site. In passive targeting, QDs are
accumulated by an enhanced permeability and retention (EPR)
effect. Active cellular targeting can be achieved by the
bioconjugated QDs with peptides, protein, antibodies that
promote cancer cell-specific binding. Reprinted with
permission from Ref. [89]; © 2007, Elsevier.

this range was similar to the general size range of bacteria, which are the most
common targets of macrophages.

The surface charges or ligands of the QDs must also be considered in the passive
targeting of tumors. For example, when Gao et al. investigated the passive target-
ing of QDs with different surface ligands (Figure 2.26) [45], florescence emission
was not observed from the tumor in the case of hydroxylated QDs, which indicated
a rapid blood clearance by the reticuloendothelial system (RES). Such a low uptake
of the carboxylated QDs derives from the negative charges on the QD surfaces due
to carboxyl anions. In the case of PEGylated QDs, the organ uptake rate was
reduced and the blood circulation time improved due to an antibiofouling effect
of PEG, and this led in turn to a slow accumulation of QDs within the tumors.
QDs conjugated with prostate-specific membrane antigen (PSMA)-specific mono-
clonal antibodies were also rapidly delivered by the tumor xenografts. This anti-
body-mediated active targeting is discussed further later in the chapter.
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Figure 2.25 Size-dependent processes of particle transport in
the human body. Particles can pass through biological
barriers by a number of different processes. These include
passive (diffusive) and active processes ranging from
extravasation to transdermal uptake. Reprinted with
permission from Ref. [90]; © 2009, Nature Materials.

Opsonization describes the mechanisms of the immune system whereby foreign
particles (e.g., bacteria, viruses, or foreign bodies) are rendered more recognizable
to those cells in the immune system which attack them. This usually involves the
attachment of proteins (such as activated complement proteins or antibodies) to
the foreign agent (such as a QD particle), such that the agent is “flagged” for atten-
tion by the attacking cells, such as macrophages. In passive targeting, the PEGyla-
tion of QDs represents a very useful means of increasing the blood circulation
time, most likely by sterically hindering the adsorption of opsonizing proteins,
which in turn delays the recognition and clearance of particles by the RES [94-99].
The blood circulation time will be changed by the functional group and chain
length of the PEG coated onto the QDs. For example, carboxylated-PEG-coated
QDs will be rapidly taken up by the RES, whereas amine-PEG-coated QDs will
have varying half-lives within the circulation, depending on the molecular weight
of the PEG. According to Ballou et al., the circulating half-lives may be as short as
12min for amphiphilic poly(acrylic acid), short-chain (750 Da) methoxy-PEG or
long-chain (3400 Da) carboxy-PEG QDs, whereas the circulating half-life may be
up to 70min for long-chain (5000Da) methoxy-PEG QDs (see Figure 2.27)
[94-96).

The main advantage of passive delivery is simplicity. Although the QDs incu-
bated with the cells are subsequently internalized by nonspecific endocytosis, high
QD concentrations and long periods of time are generally required for passive
targeting, and this may result in an enhancement of cytotoxicity.
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bioconjugated with a prostate-specific
membrane antigen (PSMA) antibody

(0.4 nmol and 2h circulation); (b) Same as
panel (a), except that the amount of QD
injection was reduced to 0.4 nmol and the
circulation was reduced to 2h. QDs were
detected by their characteristic red-orange
fluorescence; all other signals were due to
background autofluorescence. Adapted from
Ref. [45].

Figure 2.26 Histological examination of three
different QDs uptake, retention, and
distribution in different normal host organs
and in C4-2 tumor xenografts maintained in
athymic nude mice. (a) Left column: QD
coated with surface carboxylic acid groups
(6.0nmol and 6h circulation). Middle column:
QD with surface coated with PEG groups
(6.0nmol and 24h circulation). Right column:
QD with surface modified by PEG and

-
%

mPEF-5000
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Figure 2.27 Different surface coatings of QDs coated QDs is visible. At 1h, the mPEG-750-

(CdSe/ZnS) result in different in vivo kinetics.
mPEG-750-coated QDs circulate much more

quickly than mPEG-5000-coated QDs. Even at
1min, a significant liver uptake of mPEG-750-

coated QDs were completely cleared from the
circulation, while mPEG-5000-coated QDs
persisted. Reprinted with permission from
Ref. [94]; © 2004, American Chemical Society.
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Active Targeting

2.4.2.1 Peptide-Mediated Tumor Uptake
Peptides or peptidomimetics are potentially better as active targeting ligands than
antibodies, because many peptides (tens or even hundreds) can be combined to
the surface of single QD compared to antibody—QD conjugates. Consequently,
peptide—QD conjugates may exhibit a stronger binding affinity and a better target-
ing efficacy than antibody—-QD conjugates because of the polyvalency effect [99].
Specific tumor targeting in living subjects was first reported by using peptide-
conjugated QDs (CdSe/ZnS) [100] injected intravenously into MDA-MB-435
breast carcinoma xenograft-bearing nude mice. Three peptides were tested: (i)
CGFECVRQCPERC (denoted as GFE), which binds to membrane dipeptidase on
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Figure 2.28 (a—c) In vitro targeting of QDs, both PEG-coated, were injected into the
peptide-conjugated QDs to endothelial cells  tail vein of nude mice bearing MDA-MB-435
and breast cancer cells. (a) Binding of breast carcinoma xenograft tumors. Blood

GFE-conjugated QDs to lung endothelial cells vessels were visualized by coinjecting tomato
that express membrane dipeptidase; Binding  lectin (green); (d) QD-F3 colocalize with
of (b) QD-F3 and (c) QD-LyP-1 to MDA-MB-  blood vessels in tumor tissue; (e) QD-LyP-1

435 breast carcinoma cells; (d,e) In vivo also accumulate in tumor tissue, but do not
targeting of peptide-conjugated QDs to tumor colocalize with the blood vessel marker.
vasculature. Red F3- or LyP-1-conjugated Adapted from Ref. [100].

the endothelial cells [101, 102]; (ii) KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK
(denoted as F3), which binds preferentially to blood vessels and tumor cells in
various tumors [103]; and (iii) CGNKRTRGC (denoted as LyP-1), which recognizes
lymphatic vessels and tumor cells in certain tumors [104]. Since the QDs used in
this study emit in the visible range (550nm and 625nm fluorescence maxima),
and this was not optimal for in vivo imaging, a series of ex vivo histological analyses
were carried out to show that the QDs had been specifically directed to the tumor
vasculature and organ targets by the surface peptide molecules (see Figure 2.28).
A high level of PEG substitution on the QDs was found to be important for reduc-
ing nonselective accumulation in the RES, thereby increasing the circulation half-
life and targeting efficiency. QD-F3 was found to colocalize with blood vessels in
the tumor tissue, while QD-LyP-1 also accumulated in the tumor tissue but did
not colocalize with the blood vessel marker (Figure 2.28d,e). These results were
the first to demonstrate the feasibility of specific targeting of QD in vivo, and
opened up a new field of QD-based research.

Recently, the in vivo targeted imaging of tumor vasculature was reported using
peptide-conjugated QDs [105]. In this situation, integrin of;, which binds to the
RGD-containing components of the interstitial matrix (such as vitronectin,
fibronectin, and thrombospondin) is overexpressed on activated endothelial cells
and tumor cells, but is not readily detectable in resting endothelial cells and most
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(b)

QD705-RGD

Figure 2.29 (a) A schematic illustration of RGD Peptide-
conjugated QD705; (b) In vivo NIRF imaging of tumor
vasculature in U87MG human glioblastoma-tumor-bearing
mice. The mouse on the left was injected with QD705-RGD
and the mouse on the right with QD705. The arrows indicate
tumors. Adapted from Ref. [105].

normal organ systems [106]. Many previous studies have shown that, as a cell
adhesion molecule, integrin o,; may serve as excellent target for tumor imaging
purposes because it plays a key role in tumor angiogenesis and metastasis [107-
113]. In these pioneering studies, arginine-glycine-aspartic acid (RGD; a potent
integrin o,f; antagonist) containing peptides was conjugated to QD705 (CdTe/
ZnS core-shell QDs; emission maximum at 705nm), such that QD705-RGD
exhibited a high-affinity integrin o,Bs-specific binding in cell culture and ex vivo.
In vivo NIR fluorescence (NIRF) imaging was successfully achieved in nude mice
bearing subcutaneous integrin o.,B;-positive U87MG human glioblastoma tumors,
where tumor fluorescence intensity reached a maximum at 6h post injection
(Figure 2.29) [105, 114, 115]. The size of the QD705-RGD (ca. 20nm diameter)
prevented efficient extravasation, and consequently the QD705-RGD mainly tar-
geted the tumor vasculature rather than the tumor cells. This was directly con-
firmed using intravital microscopy with subcellular (ca. 0.5pum) resolution, in
which the binding of QD800-RGD conjugates to tumor blood vessels was directly
observed in an SKOV-3 mouse ear tumor model [116]. Using this method, it was
revealed that QD800-RGD does not extravasate in an SKOV-3 mouse ear tumor
model, but specifically binds the target in the tumor neovasculature as aggregates
rather than individually. As the sprouting neovasculature in many tumor types
overexpresses integrin o,f;, QD705-RGD appears to show great potential as a
universal NIRF probe for detecting tumor vasculature in living subjects.

2.4.2.2 Antibody-Mediated Uptake

Angiogenic tumors produce vascular endothelial growth factor (VEGF) [117-119],
which hyperpermeabilizes the tumor neovasculature and causes leakage of the
circulating macromolecules and nanoparticles. Subsequent macromolecule or
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Figure 2.30 Antibody-conjugated QDs for in vivo cancer
targeting and imaging. The mouse on the left was a control.
Adapted from Ref. [45].

nanoparticle accumulation occurs as the tumor lacks any effective lymphatic drain-
age system. ABC triblock copolymer-coated QDs for prostate cancer targeting and
imaging in live animals have been reported, as previously mentioned [45], and
recent studies have identified PSMA as a cell-surface marker for both prostate
epithelial cells and neovascular endothelial cells [120]. When polymer-coated QDs
were conjugated to PSMA-specific monoclonal antibodies, it was estimated that
there were five to six antibody molecules per QD. By using spectral imaging tech-
niques where the fluorescence signals from QDs and mouse autofluorescence can
be separated, based on the emission spectra [121], the intravenously injected
probes were found to accumulate within the tumor site (Figure 2.30) [45]. Multi-
plexed imaging was also demonstrated in live animals using QD-labeled cancer
cells. However, as no histological analysis was carried out to investigate the expres-
sion level of PSMA on the tumor cells and tumor vasculature, it was unclear
whether these QD conjugates had targeted the tumor vasculature or tumor cells.
In addition, the QDs used in these studies were not optimized for tissue penetra-
tion or imaging sensitivity, because the emission wavelength was in the visible
region instead of the NIR region.

In a recent study, QDs were linked to anti-alpha-fetoprotein (AFP; a marker for
hepatocellular carcinoma cell lines) antibody for in vivo tumor targeting and
imaging [122]. Although no in vitro validation of the QD probe was carried out
before the in vivo experiments, it was reported that active tumor targeting and
spectroscopic hepatoma imaging was achieved using an integrated fluorescence
imaging system. The heterogeneous distribution of the QD-based probe in the
tumor was also evaluated. Unfortunately, one major flaw of this study was that it
was unclear whether the anti-AFP antibody was actually attached to the QD, or
not, and consequently there was insufficient experimental evidence to support the
conclusion that the tumor contrast observed was from active, rather than passive,
targeting.
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The tracking of a single QD conjugated with a tumor-targeting antibody in
tumors of living mice was achieved using a dorsal skinfold chamber and a high-
speed confocal microscope fitted with a high-sensitivity camera [123]. For this,
QDs labeled with anti-HER2 monoclonal antibodies were injected into mice
bearing HER2-overexpressing breast cancer, so as to analyze the molecular proc-
esses of its tumor delivery. The movement of a single QD-antibody conjugate (the
total number of QD particles injected was ca. 1.2 x 10'%) was observed at 30 frames
per second inside the tumor, through the dorsal skinfold chamber. The QDs were
observed during six processes of delivery: in a blood vessel; during extravasation;
in the extracellular region; binding to HER2 on the cell membrane; moving from
the cell membrane to the perinuclear region; and in the perinuclear region. At
each stage, movement of the QD-antibody conjugate followed a “stop-and-go”
pattern. Despite the technical difficulties of the experiment, no information was
obtained with regards to the percentage of intravenously injected QDs that was
extravasated, and therefore little can be concluded concerning the overall behavior
of these QD-antibody conjugates in vivo. It was also unclear whether the “stop-
and-go” pattern was typical for the majority of injected QD conjugates, or if it was
limited to a small subset of QDs. It is likely that the majority of the QD conjugates
were taken up by the RES shortly after injection, and that only certain QD conju-
gates, such as the smallest particles, were actually extravasated.

2.5
Recent Advances in QDs Technology

251
Bioluminescence Resonance Energy Transfer (BRET)

Recently, QDs have shown great potential for molecular imaging and cellular
investigations of biological processes, although the need for external light excita-
tion may partially offset the favorable tissue penetration properties of NIR QDs.
This type of excitation also results in significantly increased background autofluo-
rescence, but the use of direct bioluminescence light to excite the QDs has partially
overcome this problem [124]. In the past, whilst luciferases have been widely used
as reporter genes in biological research [125, 126], the bioluminescence activity of
commonly used luciferases is too labile in serum. Specific mutations of Renilla
luciferase, selected using a consensus sequence-driven strategy, were screened for
their ability to confer stability of activity in serum, as well as their light output
[127]. A mutant Renilla luciferase with eight mutations (RLuc8) was selected with
a 200-fold increase in resistance to inactivation in murine serum, and a fourfold
increase in light output. Multiple molecules of RLuc8 were covalently conjugated
to a single fluorescent QD, thus forming a conjugate which was about 22nm in
terms of hydrodynamic diameter (Figure 2.31) [124]. When RLuc8 binds its sub-
strate coelenterazine, it converts chemical energy into photon energy and emits
broad-spectrum blue light that peaks at 480nm. Due to a complete overlap of the
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Figure 2.31 Schematic representation of self-illuminating QDs
based on bioluminescence resonance energy transfer.
Adapted from Ref. [124].

RLuc8 emission and QD absorption spectra, the QDs were efficiently excited in
the absence of external light. In vivo imaging showed a greatly enhanced signal-
to-background ratio after injection of the QD-RLuc8 conjugate into the blood-
stream. RLuc8 can serve as a BRET donor for virtually any QD, and these probes
can be used for multiplexed imaging. Moreover, BRET has the potential to greatly
improve NIRF detection in living tissues, and similar QD conjugates can be
obtained when RLuc8 is fused to other proteins, thus enabling new possibilities
for imaging biological events [128]. One of the major goals that BRET will have to
achieve before being widely used for in vivo imaging is that of targeting specificity.
Since there are many RLuc8 molecules on the QD surface which cover the majority
of the QD surface area, it remains to be tested whether there will be sufficient
space remaining to which enough ligands can be attached for desirable targeting
efficacy.

2.5.2
Non-Cd-Based QDs

Currently, many serious questions and concerns have been raised regarding the
cytotoxicity of inorganic QDs containing Cd, Se, Zn, Te, Hg, and Pb [129-131].
These chemicals can be potent toxins, neurotoxins, and/or teratogens, depending
on the dosage, complexation, and accumulation in the liver and nervous system.
At very low doses, these metals are bound by metallothionein proteins and may
be either excreted slowly or sequestered in vivo in adipose and other tissues [129,
132]. Cadmium, which has a half-life of about 20 years in humans, is a suspected
carcinogen that can accumulate in the liver, kidney, and many other tissues, since
there is no known active mechanism for cadmium to be excreted from the human
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body [133]. Although many studies have found no adverse effects of QDs on cell
viability, morphology, function, or development over the duration of experiments
(hours to days) at concentrations optimized for labeling efficiency [54, 65, 134,
135], the cellular toxicity of QDs under extreme conditions such as photo-oxidation
and strong UV excitation has been clearly demonstrated [132, 136]. In general, the
less protected the QD core or coreshell is, the sooner the appearance of signs of
interference with cell viability or function as a result of Cd** and/or Se’" release.
Thick ZnS overcoating (four to six monolayers), in combination with efficient
surface capping, has been shown to substantially reduce the desorption of core
ions and to make the QDs more biologically inert [132]. Interestingly, the toxicity
of QDs has been utilized for photodynamic therapy applications such as tumor
ablation [137, 138]. As QD technology evolves and brighter probes are created with
improved detection efficiency, the easiest way to decrease cytotoxic effects would
be to use smaller quantities of QDs. In many cases, the amount of free Cd** ions
released by QDs is far below the dose needed to cause cadmium poisoning in
animal models. InAs-based QDs may serve as a substitute for Cd-based QDs, with
a lower cytotoxicity [137-141]. The amount of As used is estimated to be several
orders of magnitude lower than the dose of As,0; used to treat human leukemia.
Mn- or Cu-doped zinc chalcogenide QDs have been reported that can cover a
similar emission window as that of CdSe QDs [142, 143]. Besides reducing the
toxicity by replacing Cd with Zn, these QDs are also less sensitive to environmental
changes, such as thermal, chemical, and photochemical disturbances. These
doped QDs also have color-tunability with good quantum efficiency, and are prom-
ising candidates for future efforts to reduce QD-based cytotoxicities. They also have
narrow emission spectra (45-65nm full width at half maximum), and can cover
most of the visible spectral window. Most recently, a high-quality CulnS,/ZnS
core—shell system with a QY of 30% was developed by using generic and air-stable
chemicals in a noncoordinating solvent [144]. For CulnS,/ZnS QDs, an emission
peak is tunable from 500 to 950nnm by controlling the core size (Figure 2.32) [144].
In the near future, it is expected that such doped QDs that emit in the NIR region
will be applied for in vivo molecular imaging.

PL intenstity (a.u.)

300 450 600 750 900 1050 1200 1350
Wavelength (nm)

Figure 2.32 Photoluminescence properties of the CulnS,/ZnS
core-shell nanocrystals. Adapted from Ref. [144].
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253
Moving Towards Smaller QDs

For inorganic nanoparticles such as QDs, the particle size and shape is relatively
rigid compared to other organic nanoparticles, such as dendrimers. To date, most
of the QDs evaluated in vivo have been 15nm or more in hydrodynamic diameter.
Although the tumor vasculature is typically quite leaky, such a small size does not
permit efficient extravasation and it is expected that, with smaller sizes, QDs will
extravasate more efficiently and provide a better in vivo targeting of both the tumor
vasculature and tumor cells. Smaller-sized QDs are also expected to have a lower
RES uptake, which will in turn translate into a better image quality. Different
core—shell structures and thinner polymer coatings have been reported to reduce
the overall size of QDs [143, 145], and unusually small, water-soluble QDs com-
posed of InAs/ZnSe (core diameter <2nm) have been developed [143]. Although
these QDs have a lower QY (<10%), the smaller size is attractive for imaging
applications. These unusually small QDs were not trapped in sentinel lymph
nodes (SLNs), but rather migrated into the lymphatic system and the channels
between the nodes. In addition, these small QDs were also able to migrate out of
the blood vessels and into the interstitial fluid. Dendron-coated QDs have high
stability, versatility, and chemical/biochemical proccessibility [146, 147]. Unlike
the typical polymer coating, dendron-ligands are tight and small in radial dimen-
sion, which results in an overall smaller size of QDs. The surface density and
length of the PEG units on the outer surface of the resulting dendron-coated QDs
can be varied by synthesizing dendron ligands with different terminal structures.
For this, a “peptide toolkit” has been reported which can provide a straightforward
means of improving biocompatibility for cell biology and in vivo applications [64].
In the future, it is likely that small-molecule or peptide-coated QDs will provide
better opportunities for the development and expansion of in vivo applications than
will protein- or antibody-conjugated QDs.

254
Multifunctional Probes

Among all of the molecular imaging modalities currently available, no single
modality is perfect and sufficient to obtain all necessary information [148]. Due to
the current obstacles in fluorescence tomography [149-151], it is difficult to ade-
quately quantify QD signals in living subjects based on fluorescence intensity
alone, especially in deep tissues. However, a combination of QD-based imaging
with 3-D tomography techniques such as PET, SPECT and MRI can permit the
elucidation of targeting mechanisms, biodistribution, and dynamics in living
animals with higher sensitivity and/or accuracy. One of the most promising appli-
cations for QDs is the development of multifunctional QD-based probes for mul-
timodality molecular imaging in vitro and in vivo. A multimodality approach would
make it possible to image targeted QDs at all scales, from whole-body down to
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nanometer resolution, using a single probe. A series of core-shell CdSe/Zn, ,Mn,S
nanoparticles has been synthesized for use in both optical imaging and MRI [152].
In this case, the Mn** content was in the range of 0.6 to 6.2%, and varied with the
thickness of the shell or amount of Mn** introduced to the reaction. The QY and
Mn?* concentration in the nanoparticles were sufficient to produce contrast for
both modalities at a relatively low concentration. Bifunctional nanocomposite
systems consisting of Fe,O; magnetic nanoparticles and CdSe QDs have been
synthesized [153]. QDs can be coated with paramagnetic and PEGylated lipids
for use as detectable and targeted probes with MRI, as shown in Figure 2.20 [63,
154]. These QDs are useful as dual-modality contrast agents due to their high
relaxivity and an ability to retain their optical properties. The details of several
other QDs-based probes for both fluorescence imaging and MRI have also been
reported [154-156]. For example, polymer-coated Fe,O; cores overcoated with a
CdSe-ZnS QD shell and functionalized with antibodies have been used to mag-
netically capture breast cancer cells and view them with fluorescence imaging
[157]. Likewise, magnetic QDs composed of CdS-FePt have been synthesized
[158]. The QDs have relatively large surface areas which can be conjugated with
more than one targeting ligand. In this way, novel tumor-specific antibody frag-
ments, growth factors, peptides, and small molecules can be attached to QDs for
their delivery to tumors in vivo for the multiparameter imaging of biomarkers,
with the ultimate goal of guiding therapy selection and predicting responses to
therapy. This nanoplatform approach will enable the simultaneous detection and
measurement of many biomarkers, which should in turn lead to a better signal/
contrast than QDs modified with only one type of targeting ligand. The ability to
accurately assess the pharmacokinetics and tumor targeting efficacy of biologically
modified QDs is crucially important to assess future studies that involve multi-
targeting (i.e., targeting multiple targets with one QD) and, eventually, multiplex-
ing (i.e., targeting multiple targets simultaneously using QDs of different emission
wavelengths). Dual-modality PET/NIRF imaging probes offer synergistic advan-
tages over single-modality imaging probes by overcoming the difficulty of quantify-
ing fluorescence intensity both in vivo and exvivo. Subsequently, the tumor-targeting
efficacy of dual-functional QD-based probes was evaluated quantitatively using
both NIRF and PET imaging (Figure 2.33) [159], when both RGD peptides and
the macrocyclic chelator, DOTA, were conjugated to QD705. Here, the RGD pep-
tides allowed for integrin o,B; targeting, while the DOTA was able to complex **Cu
(a positron emitter with 12.7h half-life) so as to enable PET imaging [108, 160].
Noninvasive PET imaging using radiolabeled QD conjugates may provide a robust
and reliable measure of the in vivo biodistribution of QDs. Yet, with further
improvements in QD technology, it is expected that the accurate evaluation of in
vivo tumor targeting efficacy using quantitative imaging modalities (e.g., PET) will
greatly facilitate the future biomedical applications of QDs. Such information will
also be critical for fluorescence-guided surgery via the sensitive, specific, and real-
time intraoperative visualization of molecular features of normal and disease
processes.
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Figure 2.33 Dual-functional QDs based probe for both PET
and NIRF imaging. (a) PET image of harvested major organs/
tissues at 5h post-injection of the dual-functional probe; (b)
NIRF image of harvested major organs/tissues at 5h
post-injection of the probe; (c) Immunofluorescence staining
of the tumor tissue revealed that QDs are targeting the tumor
vasculature. Adapted from Ref. [159].

2.6
Conclusion and Perspectives

Since the first demonstration of QDs for biological applications [1, 2], numerous
breakthroughs in QD technology have led to the recent success of in vivo tumor
targeted imaging of QDs in live animals. The future development of improved
QD-based biological probes for in vivo optical imaging shows great promise for
both basic science and clinical applications. Today, QDs-based molecular imaging
has the potential to significantly impact cancer diagnosis and cancer patient man-
agement. It is expected that ex vivo diagnostics, in combination with in vivo diag-
nostics, can markedly impact future cancer patient management by providing a
synergistic approach that neither strategy can provide alone. After further develop-
ment and validation, QD-based approaches (both ex vivo nanosensors and in vivo
imaging) will eventually be able to predict which patients will likely respond to a
specific anticancer therapy, and to monitor their response to personalized therapy
(Figure 2.34). With their capacity to provide enormous sensitivity, throughput, and
flexibility, QDs have the potential to profoundly impact cancer patient manage-
ment in the future. Unfortunately, QD-based tumor imaging in mice cannot be
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profiling by ex vivo nanosensors to predict evaluated by blood analysis and molecular
their response to a given therapy. In addition, imaging to ensure the accurate differentiation
they will also be imaged with molecular of responders from non-responders. Adapted

imaging probes of different types to predict from ref. [115].

directly scaled up to in vivo imaging in human applications, due to limited optical
signal penetration depth. However, within clinical settings optical imaging is
relevant for tissues close to the surface of the skin, to tissues accessible by endos-
copy, and to intraoperative visualization. Currently, NIR optical imaging devices
to detect and diagnose breast cancer are undergoing tests in patients, and the
initial results have been encouraging [160, 161]. Multiwavelength QDs emitting
in the NIR region can allow for the multiplexed imaging of deeper tissues, thus
significantly extending potential human applications. QD-based multitarget
imaging might also play an important role in optically guided surgery in the future.
Overall, the major roadblocks for the clinical translation of QDs are inefficient
delivery, toxicity, and a lack of quantification. However, with the development of
smaller, non-Cd-based multifunctional QDs, and further improvements in conju-
gation strategy, it is expected that QDs will achieve optimal tumor targeting effi-
cacy with an acceptable toxicity profile for clinical translation in the near future,
using either NIRF imaging alone or multimodality imaging.
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3
Multiplexed Bioimaging Using Quantum Dots
Richard Byers and Eleni Tholouli

3.1
Introduction

During recent years, several reviews have detailed the use of quantum dots (QDs) in
biological imaging. These have tended to concentrate on the underlying technology,
and often included substantial details on the fabrication of QDs and methods of
modification for biological use, rather than on examples of QD use. Where such
examples are discussed in detail they usually include use in both in vivo and in vitro
imaging, but with a relative lack of detail for the latter. Most reviews have also focused
on uses for biological rather than biomedical imaging, and very few—if any—have
paid attention to the issues of standardization, quantification, and workflow required
to take a new technology to clinical use. Finally, multiplex imaging, in which QDs
really “shine,” requires sophisticated image analysis for maximum effect, and this
aspectis often brushed over. The aim of this chapter is to address these shortcomings
by providing a brief overview of the nature of QDs, with particular reference to their
value in multiplex imaging. Attention is also focused on seminal and more recent
examples of their use in immunohistochemistry (IHC) and in situ hybridization
(ISH), both in single and multiplex experiments. The use of QDs in combination
with electron microscopyis also discussed. The pros and cons of different attachment
chemistries are described with relevance to practicality and robustness in a range of
different studies, and their use as multiplex detectors in liquid (flow cytometry) and
solid (microarray, either protein or genomic) state systems are briefly outlined.
Issues regarding standardization and quantification are detailed, as is spectral
imaging. The chapter concludes with some details of the use of QDs in clinical
biomarker measurements, and some suggestions for their future perspective.

3.2
The Need for Novel Multiplex Imaging Systems

Today, the Human Genome Project has cataloged the majority of gene sequences,
such that biological /biomedical investigations are now principally focused on the
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analysis of function and interaction of these genes, and of their protein products
in cells, organ systems, and organisms. There is, therefore, a need for a methodol-
ogy that is capable of detecting several genes or proteins at the same time, and of
providing good spatial and cellular resolution at the morphological level [1]. In the
field of cancer, the above-described approach has led to global gene expression
profiling experiments that have identified several gene signatures as markers,
either of tumor categories with distinct behaviors, or predictive of disease progres-
sion and response to therapy. The application of such signatures to individual
patients in a clinical setting holds great potential for improving diagnosis, for
guiding tailored molecular therapy [2-5], and for making informed therapeutic
decisions. The generation and use of such signatures in routine clinical practice
is presently limited by the need for relatively large amounts of high-quality frozen
material for microarray gene expression profiling [1, 6]. In contrast, nearly all
clinical material is routinely formalin-fixed and processed to paraffin [6], a practice
that is likely to continue for the foreseeable future, especially outside large aca-
demic centers. In addition, gene signatures have largely been derived from tissue
homogenates, despite recent studies having demonstrated the importance of local-
ization of the genes that comprise these signatures not only to the tumor cells,
but also to adjacent cells, such as immune cells and stromal cells [7]. There is,
therefore, a clear need for a generic method for the simultaneous visualization of
multiple genes in formalin-fixed, paraffin-embedded tissue (FFPET), that will
allow investigations to be made of the spatial localization of microarray gene sig-
natures. Ideally, this process should be carried out by an automated or semi-
automated system that will enable it to be applied not only to the clinical
environment but also to high-throughput studies [8].

Fluorescence-based detection systems, which would be ideal for the in situ detec-
tion of multiple probes, are hampered by low sensitivity [9, 10], the intrinsic high
autofluorescence of paraffin-embedded tissue [11, 12], and the low resultant signal-
to-noise ratio (SNR). In addition, the relatively small numbers of fluorophores with
broad overlapping spectra [13], and which also require different excitation wave-
lengths, make the deconvolution of multiple signals extremely challenging. Fur-
thermore, fluorescence-based techniques are nonpermanent and fade with time,
rendering them suboptimal for a clinical test in which a permanent record is best
for clinical governance. QDs are relatively newly identified fluorescent semicon-
ductor nanocrystals that possess an extremely high fluorescence efficiency and
photostability, which makes them near-optimal for many fluorescent applications
[14-22]. Consequently, QDs have been used for bioimaging by immunofluores-
cence [14], for molecule [14, 19] and cell labeling [20, 21, 23] and, more recently,
in human clinical material [24]. In addition, while their excitation wavelength is
constant, their emission wavelength is sharp, symmetrical and tunable (depending
on the crystal diameter), with potential for multicolor staining [18]. Taken together,
these properties indicate that QDs may indeed be useful for application to clinical
samples.

Multiplex imaging using a range of probes, including antibody and/or DNA
probes, has resulted in the generation of multicolor images, from which has arisen
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the problem of color resolution to extract meaningful data. The simultaneous
detection of multiple fluorescent signals requires spectral deconvolution to resolve
individual signals, and spectral imaging achieves this by generating a complete
optical profile for each pixel in the image field. From this, multiple spectral dis-
tributions can be reconstructed via a least squares fitting linear unmixing approach
[25]. The spectral information in the acquired datasets can then be used to dis-
criminate between autofluorescence and a true fluorescent signal, and between
different fluorescent signals [21].

In this review of multiplex imaging using QDs, both of these aspects will be
addressed, namely the multiplex use of QDs and spectral imaging, each of which
is required for reliable multiplex biological imaging.

3.3
Quantum Dots

3.3.1
Optical Properties

Quantum dots are near-spherical semiconductor nanocrystals that are composed
of elements from Groups II-VI (CdSe) or III-V (InP) of the Periodic Table [26-28]
(Figure 3.1a). Initially developed for use in the semiconductor industry, QDs were
subsequently found to be highly fluorescent, which indicated their possible use as
fluorophores. Key to this was the fact that their excitation states/band gaps were
spatially confined, and this resulted in physical-particularly optical —properties
that were intermediate between those of bulk compounds and discrete molecules.
This quantum confinement underlies the ability of QDs to emit light at different
wavelengths, depending upon the size of the core diameter [29] (Figure 3.1b).
Essentially, the size of the electron “orbit” band gap is dependent upon the size
of the QDs, with larger QDs having smaller band gaps that results in the emission
of light at the red end of the spectrum, while smaller QDs emit a higher energy,
and therefore blue light. Furthermore, due to their size, the entire crystal acts as
a single molecule with all constituent atoms being excited and emitting light
together, with a high resultant signal intensity. Because QD crystals can be manu-
factured to tight diametric tolerances, the emission spectra of a given amount of
QDs is tight and, by virtue of Gaussian size distribution, is also symmetrical [18,
30]. These features result in QDs being tunable, extremely bright, and also ame-
nable to multiplex detection. Most importantly, however, their relative brightness
is dependent upon their diameter, and therefore, the wavelength of emission.
When Xing et al. [31] investigated the relative brightness of different QDs, they
reported that the integrated signal intensity of green QDs (525nm) was 17-fold
lower than that of red QDs (655nm), and almost 32-fold lower than that of near-
infrared (NIR) QDs (705nm). It is not surprising, therefore, that most users
employ red QDs, which are also further from the peak of autofluorescence (ca.
560nm) that is abundant in formalin-fixed, paraffin-embedded tissues. This has
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implications for the comparison of expression levels between different elements
if detected with different-sized QDs, and consequently data normalization is
required. It also effectively reduces the number of available QDs for multiplexing,
although the use of QDs and image detection systems into the infrared range [23]
can help to overcome this problem.

332
Manufacture

Quantum dots are usually prepared by injecting liquid precursors into hot
(300°C) organic solvents, such as trioctyl phosphine oxide (TOPO) and hexade-
cylamine; this enables nanocrystals of different size to be manufactured by altering
the amount of precursors and crystal growth time [26, 27, 30]. The process pro-
duces a heavy metal core comprising CdSe, CdS or CdTe, but has a relatively
low quantum yield (brightness) of typically less than 10%. A shell of a high band-
gap semiconductor, such as ZnS, is then grown epitaxially around the core,
increasing the quantum yield up to 80%. The ZnS layer also protects the core from
oxidation and prevents leaching of the Cd/Se into the surrounding solution. By
themselves, however, QDs are neither water-soluble nor biocompatible, which
precludes their use in biological imaging. Bawendi et al. first reported a modifica-
tion of the QD surface chemistry by using high-temperature growth solvents such
as a mixture of trioctyl phosphine (TOP) and TOPO. The QDs prepared using
high-temperature solvents are not intrinsically soluble in aqueous solution, but
are amenable to surface fictionalization with hydrophilic ligands, either by “cap
exchange” or by encapsulation with an organic coating. This has made them more
biocompatible [18]; typically, QDs with surface TOPO can also be used to add
hydrophilic ligands or other bioconjugates. Here, TOPO acts as a coordinating
ligand, and is important for shielding the core from contact with the outside
environment.

These modifications have enabled the use of QDs in aqueous solutions, as
first reported by Bruchez et al. [15] and Chan et al. [16]. Bruchez et al. [15] used
two different sized CdSe-CdS core-shell QDs to visualize the nucleus and cyto-
plasmic actin filaments in mouse fibroblasts, although there was nonspecific
staining of the nuclear membrane, whilst Chan et al. [16], demonstrated an anti-
body-induced agglutination of QDs that had been labeled with human immu-
noglobulin G (IgG). Wu et al. [14] improved the surface functionalization of QDs
by linking them with streptavidin and IgGs, which facilitated their use in the
labeling of a range of cellular targets (cell-surface receptors, cytoskeletal proteins
and nuclear antigens) at different subcellular locations (surface, intracellular and
intranuclear), and in different specimen types (cultured live cells, fixed cells and
tissue sections). For this, Wu and colleagues used QDs to visualize HER?2 in fixed
cells from a breast cancer cell line, using both direct QD-IgG conjugates, and
streptavidin-coated QDs to detect primary biotinylated antibodies. The same group
also used streptavidin-coated QDs to detect HER2 in fixed-tissue sections, and
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went on to demonstrate duplex staining for nuclear antigen and tubulin using
streptavidin-coated QDs to disclose antibody localization. They also performed
duplex staining for HER2 and nuclear antigen using a combination of directly
conjugated QD-IgG against HER2 and a streptavidin-coated QD to detect bioti-
nylated anti-nuclear antibody, thus demonstrating that QDs conjugated to differ-
ent secondary detection reagents are effective in common fluorescence labeling.
This was the first report of their mature use and, in particular for widespread
application, the first of their use in fixed-tissue sections. Since then, QDs have
been conjugated with many biological molecules, such as proteins, antibodies,
oligonucleotides and streptavidin [32]. Their powerful optical properties, combined
with their ability to be conjugated with different biomolecules, has rendered QDs
ideal for multiplex labeling experiments.

34
Bioimaging Applications of Quantum Dots

3.4.1
Quantum Dot Use for Inmunohistochemistry

For proof of principal, Bruchez et al. [15] were the first to demonstrate the use of
QDs in immunofluorescence for the detection of actin filaments in mouse fibrob-
lasts. Wu et al. [14] were the first to apply this method, which subsequently has
been used to detect a vast array of proteins [33-35] in tissue sections, in fluoroim-
munoassays [36, 37], and in flow cytometry [38]. Zahavy et al. [39] used two QD
colors for the dual-labeling of B and T cells in mouse spleen. For this, a combina-
tion of biotinylated primary antibody and streptavidin-coated QDa was used to
detect B cells, together with a construct of sequential rat anti-human primary CD3
antibody, biotinylated rabbit anti-rat secondary antibody and QD-conjugated goat
anti-rabbit antibody to detect T cells. Image acquisition was performed using a
single filter cube, which made interpretation of the images difficult. This report
illustrated two problems generic to multiplex studies: (i) the difficulty of antibody
cross-reactivity requiring use of different antibody species or strategies (i.e., the
use of streptavidin-coated QDs or direct QD—antibody conjugates) for the detection
of different antigens (notably, Wu et al. [14] used a similar approach); and (ii) the
image analysis required to achieve a good signal separation for each of the QDs
used. The real value of QDs lies in higher plex studies, in which these prob-
lems—which are generic to multiplex staining in general and not germane to
QDs-are compounded [31, 40-42]. However, the fluorescent properties of
QDs—namely high brightness, symmetrical emission spectra, common excitation
wavelength and tunability—mitigate against these generic problems of multiplex
imaging, thus facilitating higher-plex imaging in general. The multiplex capability
of QDs has been demonstrated most impressively by Fountaine et al. [40], who
reported their use in the simultaneous measurement of five markers. Relying on
sequential staining for each antibody, CD20, IgD, MIB-1, CD3 and CD68 were
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correctly detected in human lymph nodes (Figure 3.2a,b). An avidin-biotin block
was applied for 10min between the end of each antibody detection step (i.e.,
primary antibody, secondary antibody and streptavidin-coated QDs) and the start
of the next sequential primary. Standard mouse nonconjugated primary antibodies
were used for each antigen; each of these was disclosed by using a biotinylated
secondary antibody followed by a streptavidin-coated QDs. This simple approach
could be applied readily to any combination of antibodies, but was seen to be
time-consuming. It also demonstrated a potential for the transfer of streptavidin-
coated QDs between different secondary antibodies, a problem first identified by
Sweeney et al. [8], although the data acquired by Fountaine et al. [40] did not
support the existence of this possible problem. In these studies, the images were
acquired with a range of filters which, although potentially restrictive, was over-
come by others by using spectral imaging.

Other groups have investigated the use of different conjugation chemistries to
enable simultaneous marker application. Schwock et al. [43] extended this multi-
plex approach to measure STAT signaling pathways in needle core biopsies as a
possible clinical tool for informing tailored treatment. The aim was to develop a
method, validated against paralle] Western blotting, to measure the expression
levels of phosphorylated proteins (specifically STAT3) in needle core biopsies as a
clinical tool for treatment stratification. Standard IHC had disclosed the use of
3,3’-diaminobenzidine (DAB) to be effective in such measurements. However, the
small size of such biopsies and the need to measure several different markers—a
situation which would be compounded as tailored treatment increased —raised the
need for a method capable of quantitative measurement of several markers at the
same time. To this end, and as a proof-of-principle, QDs were used for the detec-
tion and measurement of the levels of STAT3. Of note, these authors also empha-
sized that this approach may be capable of multiplexing.

A range of attachment methods have been reported to link QDs to biological
molecules. This area was studied systematically by Xing et al. [31], who described
several different conjugation strategies, citing a lack of robust protocols and experi-
mental procedures for the low level of success and adoption of QDs in clinical/
medical applications. In particular, previous studies used a range of different
attachment methods, with no emerging consensus on optimal methods of QD-
antibody bioconjugation, tissue preparation, image analysis, multiplex methods,
and data quantitation. Comparisons were made between sulthydryl, amide, Fc-
sugar, His-tag or biotin—avidin binding, among which Fc-sugar and His-tag pro-
vided the best results. In practical terms, however, the commercially available
streptavidin-coated QDs and biotinylated antibodies represent the most feasible
conjugation strategy, as they are easily applicable to already established protocols
that require only minor optimization with equally good results. A vast number of
already optimized protocols are accessible via the internet, and a variety of QD—
antibody kits are commercially available (http://probes.invitrogen.com/products/
qdot/manuals.html).

Xing et al. [31] applied their methods to the detection of four tumor biomarkers
of the epithelial-mesenchymal transition process that is known to be important
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in the progression and metastasis of prostate cancer to the bone (namely, N-cad-
herin, elongation factor-1 alpha, E-cadherin and vimentin), and showed an ability
to detect each separately in four-plex staining. The simultaneous detection of four
other markers (mdm-3, p53, EGR-1, p21) in archival formalin-fixed paraffin-
embedded prostate cancer tissue samples was also demonstrated, although it was
not clear which of the different QD conjugation methods was used in these two
multiplex experiments.

The same group also proposed a workflow for the use of multiplex QD imaging
in clinical practice, which closely matched that described by Bostick et al. [41]
and Tholouli et al. [24] (Figure 3.3). Robust protocols and a validation of each
step in such a bench to bed workline are essential if QDs are to become more
useful in a clinical setting. Xing et al. [31] also described a dedicated software
package which was developed as part of such a workline, called Q-IHC, and
which enabled integrated image processing and bioinformatic analysis of
both traditional and QD-based IHC. In order to measure the distribution of
different antigens, multiple images were collected, following which image process-
ing was used to carry out automatic boundary identification, semi-automatic
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Figure 3.4 Multiplex immunohistochemistry ~ sequentially, and the resultant raw image

(IHC) for mismatch repair genes in the subjected to spectral analysis to resolve the
normal colon. Quadruplex QD-IHC was component signal intensity maps for each
performed to localize the mismatch repair antigen. A composite image showing all four
genes MLH1 and MSH2, leukocyte common  antigen distributions was generated from
antigen (LCA) and smooth muscle actin these, using false color with MLH1 in red,

(SMA) in normal human colon. Monoclonal MSH2 in blue, SMA in yellow, and LCA in
antibodies to MLH1 (labeled with a 605 nm green (the colocalization of MLH1 and MSH2
QD), MSH2 (labeled with a 655nm QD), resulted in a purple false color). Reproduced
SMA (labeled with a 605 nm QD) and LCA with permission from Ref. [44].

(labeled with a 705 nm QD) were applied

image segmentation, and color-based tissue classification based on biomarker
staining. An image analysis module was then used to quantify the numerical
expression of each biomarker. These values, it was proposed, might then be used
in clinical decision making.

Subsequently, these established ITHC protocols were adapted and successfully
multiplexed up to four QD markers [44] (Figure 3.4); some practical tips
found to be useful for the application of QDs have been provided by Tholouli
et al. [44].

3.4.2
Quantum Dot Use for In Situ Hybridization

A significant focus of current biomedical research is the understanding of the
molecular mechanisms of cells, their function, and activity. As the amount of data
acquired and the number of biomarkers identified continue to increase, it is
becoming particularly important to carry out in situ expression studies utilizing
more than one marker. QDs have enabled this for protein expression by immun-
ofluorescence and, more recently, they have also been used to detect nucleic
acids by ISH. One of the first attempts to use QD-labeled oligonucleotide
probes was to identify mutations in human sperm by standard fluorescence in situ
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hybridization (FISH), in 2001 [45]. In this study, however, the successful binding
of oligonucleotides to the QD surface using carboxylic acid groups proved difficult
due to inefficient loading, poor stability and high nonspecific binding when used
for FISH. Consequently, the QD surfaces were modified using carboxyl groups
so as to increase the solubility and stability of the conjugates [46]. Since then,
further improvements in the water solubility and bioconjugation of QDs have
allowed their widespread use in biological applications. Presently, a wide range
of modified biomolecules can be directly conjugated to QDs in a single step,
and the conjugates used for ISH or IHC, without compromising their properties.
Streptavidin-conjugated QDs have also been used successfully to quantify FISH
signals on human metaphase [47], mouse [48] and plant chromosomes [49], as
well as in microorganisms such as Escherichia coli [50]. Xiao and Barker [47]
used a biotinylated BAC DNA probe to detect HER2 in metaphase spreads, whilst
in fresh animal tissue Matsuno et al. [51] combined QD-based ISH with IHC.
For this, rat pituitary was fixed in 4% paraformaldehyde and combined IHC and
ISH used to for the simultaneous detection of mRNA and protein for growth
hormone (GH) or prolactin (PRL). For this, a QD-IgG secondary antibody was
used to detect the primary antibody, and a streptavidin—QD to detect a biotinylated
oligonucleotide cDNA mRNA probe. The first successful duplex ISH was described
by Chan et al. [52], who reported the simultaneous detection of two nucleic acid
targets by utilizing directly labeled 54-mer oligonucleotide probes to QDs in fresh-
frozen mouse brain tissue (Figure 3.5a). In this case, an in vitro conjugation of
oligonucleotide probes with streptavidin-coated QDs was carried out, followed by
superdex gel filtration, to produce prehybridization QD—probe conjugates. The
initial biocytin blocking of excess QD-bound streptavidin sites was used to avoid
a too-heavy loading of the QDs by the probe, which would have interfered with
hybridization. Image acquisition was performed using a confocal microscope with
different filters for each QD, with image analysis in the NIH Image] program
(http://rsbweb.nih.gov/ij/). In this way, up to four different mRNAs could be
simultaneously detected, using a combination of Alexa fluorophores and QDs
(Figure 3.5b). These authors also carried out a simultaneous detection of Vmat 2
mRNA and tyrosine hydroxylase (TH) protein using a QD-conjugated oligonucle-
otide probe for mRNA detection and a streptavidin-coated QD for protein
detection.

Although, unfortunately, the problems encountered with FFPET materials were
not addressed, a protocol which successfully applied QD-labeled oligonucleotide
probes for ISH in routinely processed FFPET samples was shortly made available
[24] (Figure 3.6a,b). By applying the same principle, it was possible to demonstrate
duplex ISH with QD-labeled ribonucleotide probes, and to combine this with IHC
in a semi-automated system, thus allowing a high throughput of samples [42].
Subsequently, Matsuno et al. [51, 53] reported the details of a QD-based ISH and
THC by using electron microscopy that allowed the subcellular (three-dimensional;
3-D) localization of pituitary hormones (GH and PRL) and their corresponding
mRNAs.
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Figure 3.5 (a) Double-labeled FISH using QD-labeled
oligonucleotide probes to detect Vmat2 mRNA in murine
neurons in panels A and B, with overlap in panel D; (b)
Combined multiplex QD and Alexafluor FISH to detect four
different mRNA targets in murine neurons; mRNA targets are
labeled in panels A to D, with overlay in panel F. Reproduced
with permission from Ref. [52].
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Figure 3.6 (a) Single QD-based in-situ
hybridization in human clinical tissue. A:
Bone marrow infiltrated by myeloblasts
replacing normal hematopoiesis (acute
myeloid leukemia—FAB M3). The cells were
strongly positive for myeloperoxidase (MPO)
by IHC, disclosed with DAB, and single-gene
ISH using a QD-labeled probe for MPO in
acute myeloid leukemia demonstrated strong
cytoplasmic hybridization signals in all
myeloblasts. B: Bone marrow infiltrated by
lymphoblasts (acute lymphoblastic
leukemia—FAB L1) which were negative for
MPO by IHC. Single-gene ISH using
QD-labeled probe for MPO showed a
restriction of hybridization signal to
occasional residual myeloid cells and absence
in the leukemic blasts. C: Bone marrow
infiltrated by chronic myeloid leukemia was
positive for MPO by IHC and by ISH using a
QD-labeled probe for MPO, though the signal
intensity lower than that in AML (shown in A,
above), whilst residual nonmyeloid cells were
negative. D: Normal bone marrow showed
only patchy positivity for MPO, by both IHC
and QD-ISH, consistent with the normal
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distribution of myeloid precursor cells. All
images were falsely colored after spectral
analysis to display hybridization signal in red
and tissue autofluorescence in green; (b)
Visualization of two mRNA targets by
QD-ISH. A: Bone marrow infiltrated by FL
showing a lymphoid aggregate of small
lymphoid cells (*) with an area of normal
hematopoiesis (+). The same area was
examined by standard IHC for bcl-2 and MPO
showing positivity for bcl-2 in the lymphoma
cells (solid arrow) and MPO in the adjacent
normal marrow (broken arrow). B: QD-ISH
for (ii) bcl-2 and (iii) MPO in serial sections
from the same biopsy showed hybridization
signal in the same distribution as that of IHC
positivity, with bcl-2 upregulated in an area of
lymphoma cells (solid arrow) and MPO in
adjacent myeloid cells (broken arrow); the
MPO probe was labeled with a 605nm QD,
the bcl-2 probe with a 655 nm QD; a signal for
each is shown after spectral analysis with
hybridization signal in red and tissue
autofluorescence in green. Reproduced with
permission from Ref. [24].
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Quantum Dot Use in Solid- and Liquid-State Multiplex Detection Platforms

Whilst the most biologically exciting use has been application to multiplex
imaging, QDs have also been used extensively to facilitate multiplex detection in
solid- and liquid-phase experiments. Hahn et al. [54] reported the use of QDs in
the multiplex flow cytometric detection of bacterial pathogens, citing their advan-
tages of brighter fluorescence intensity, lower detection thresholds and improved
accuracy compared to conventional organic fluorophores, with a net one order
magnitude increase in brightness compared to fluorescein isothiocyanate (FITC).
Most reports of the use of QDs in flow cytometry have focused on the detection
of pathogens, with mixed success; some have reported significant nonspecific
binding to water-borne detritus which resulted in poor performance compared
to conventional methods. Recently, Chattopadhyay et al. [55] reported the use of
QDs for the multiplex detection of T-cell antigens, combining seven-color QD
detection with 10 other fluorochromes to yield a 17-color staining panel. A signifi-
cant advantage here was the ability of the QDs to be excited by a single laser,
in contrast to conventional multicolor methods which require multiple lasers.
While the resultant highly multiplexed method is likely to aid a number of
applications [56], it is particularly useful for studies of T-cell differentiation, which
require the use of multiple markers for cellular characterization. This method
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provided the single largest increment in the number of measurable fluorophores
at the time, with particular impact in the area of polychromatic flow cytometry,
though their application is expected to extend to standard flow cytometry systems
[55].

QDs have also been used for multiplex protein detection in protein arrays
[57, 58]. Gokharna et al. [59] used PEGylated (PEG) QDs directly conjugated to
antibodies against prostate-specific antigen (PSA) to detect the antigen itself. The
use of a PEG QD allowed direct conjugation to the PSA antibody, without using
biotin—streptavidin interactions, thus minimizing any nonspecific staining whilst
retaining a high affinity. Although only one antigen was detected in this study, it
provided a microarray platform for protein detection that could easily be adapted
to the use of multiple QD-antibody conjugates. Geho et al. [60] instead used
PEGylated, streptavidin-conjugated QDs as detection agents in a reverse-phase
protein microarray, in which heterogeneous protein mixtures from cellular extracts
were directly spotted onto a protein biochip. This method has the potential for
multiplexed high-throughput reverse-phase protein microarray analysis, in which
numerous analytes can be measured in parallel in a single spot.

QDs have also been used in cDNA arrays, either solid, or bead-based. For this,
Han et al. [61] used QD-tagged polymeric microbeads to detect nucleic acid and
protein sequences, using different-sized QDs to yield 10 intensity levels and six
colors that, in theory, was capable or coding for one million different combina-
tions, although practical considerations would be expected to reduce this to approx-
imately 10000 to 40000 recognizable codes. The utility of the approach was tested
in DNA hybridization assays using oligonucleotide-conjugated multicolored beads
which were capable of correctly measuring the relative amounts of four different
DNA sequences. Furthermore, it was shown that the coding and target signals
could be read simultaneously at the single-bead level, with potential for high-
throughput use. Eastman et al. [62] used four different sizes of QDs (525, 545, 565,
and 585 nm), with 12 intensity levels, mixed with a polymer and coated onto mag-
netic microbeads, to generate nanobarcoded beads (QBeads). Gene-specific oligo-
nucleotide probes were then conjugated to each spectrally nanobarcoded bead
to create a multiplexed panel, to which biotinylated cRNAs generated from test
RNA were hybridized; a fifth streptavidin QD (655nm or infrared QD) binding
to biotin on the cRNA was used as a quantification reporter. This system had a
high sensitivity for target molecules detection, approaching that of quantitative
PCR.

Conversely, relatively few reports have been of the use of QDs for RNA or DNA
detection in solid-phase platforms. Liang et al. [63] fabricated a microRNA microar-
ray using complementary oligo-DNA probes immobilized on glass slides to capture
3’ biotinylated miRNAs, followed by detection using streptavidin-coated QDs. The
device was used to analyze 11 microRNAs, and showed high sensitivity and con-
sistence with Northern blot results. Kalrin-Neumann et al. [64] used QDs instead
of organic dyes for four-color genotyping to improve the SNR and enable multiplex
genomic analysis, quoting the capability of >20k plex detection; however, such
advances have yet to be translated into commercial use.
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3.5
Translation to Clinical Biomarker Measurement

3.5.1
Quantitation

Meaningful gene expression profiling, at either mRNA or protein level, is critically
dependent upon robust methods for expression quantitation. Flow cytometry
routinely uses reference microbeads for this purpose, and several groups have
developed protocols for quantitation using QDs. Smith et al. [65] generated
a surface-pegylated QD construct capable of multivalent targeted binding provid-
ing a modular platform for quantitation of cell-surface receptors. Specifically
a QD-PEG-NGR construct was made by the conjugation of PEGylated peptide
with carboxylated QDs; the NGR tripeptide is a CD13-targeting molecule identified
as a tumor homing sequence that selectively targets the tumor vasculature
in vivo. Ligand—cell interactions were successfully tested using the QD-PEG-
NGR in solution with cell samples, and QD probe binding was quantified by
flow cytometry using reference microspheres. Specifically R-phycoerythrin (R-PE)
calibration microspheres were used to correlate fluorescence measurements pro-
ducing a standard curve relating measured relative fluorescent intensity (MFI)
to the number of equivalent R-PE molecules. The standard curve of calculated
intensities was then used to determine the number of R-PE molecules per QD
probe, from which a new standard curve was produced relating MFI measured
by flow cytometry to the number of QD probes. This standard curve enabled
the direct conversion of fluorescence measured by flow cytometry to the number
of bound QD probes per cell. Conversely, Wu et al. [38] developed a simple
assay for the production of QD calibration beads using commercially available
streptavidin-coated QDs which were incorporated into an assembly of biotinylated
M2 antiFLAG antibodies, biotinylated FLAG peptides and streptavidin-functional-
ized beads. The law of mass action was used to define the site density of dots
on each bead, and the fluorescence intensity of the QD-bead assemblies was
tested against commercial fluorescein calibration beads. The utility of the calibra-
tion beads was then tested by measuring the surface density of QD585 dots
attached to the ligand of the epidermal growth factor receptor (EGFR) on A431
cells. A streptavidin-coated QD was bound using biotinylated FLAG peptide to a
biotinylated antiFLAG Ab, which was in turn bound to a streptavidin-coated
microbead.

Xiao et al. [66] quantified the expression of HER2 and telomerase using mono-
specific polyclonal chicken IgY antibodies against human HER2 and telomerase
in Western blots and IHC of tumor and normal cells, using fluorescent micro-
spheres as a fluorescence standard. The IgY antibodies used have the advantages
of a lack of complement activation, and a lack of binding to protein A and G, to
rheumatoid factor, or to the cell-surface Fc receptor, thus potentially eliminating
false positives and reducing background. However, in common with other
approaches, the quantitation was relative than absolute and to date there have been
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no reports of quantitative methods calibrated in amounts of protein or mRNA;
hence, the development of such methods remains a major challenge. Zajac et al.
[67] reported the development of QD protein microarrays for the detection of
cancer markers, detecting up to six different cytokines in protein solution down
to picomolar concentrations. A comparison between use of QDs directly conju-
gated with antibody against a selected marker and the use of streptavidin-coated
QDs and biotinylated detector antibody, demonstrated better performance of the
latter, which was also cheaper and technically simpler. Other studies have con-
firmed the greater utility of this simple approach over more complex attachment
and conjugation strategies. Here, a computer analysis was used to quantify the
amount of protein detected by the array, thus demonstrating its use for monitoring
changes in biomarker concentrations in the physiological range. The translation
of these techniques from protein measurements to tissue analysis would be invalu-
able for the analysis of in situ expression.

Xing et al. [31] noted the need to validate QD staining against other available
methods, and carried out a simple semi-quantitation of the amount of three
breast cancer biomarkers, namely estrogen receptor (ER), progesterone receptor
(PR) and HER?2, in paraffin-embedded tissue samples. For this, the fluorescence
intensity values for each IHC method were compared by using a scoring system
that employed a scale of 1+ to 3+. A 3+ score for ER, PR or HER2 using tradi-
tional THC corresponded to a 85-100% relative antigen expression when using
QDs, whilst a 1+ or 2+ score corresponded to a 11-48% expression. From these
findings, it was suggested that the quantitative nature of QDs could simplify and
standardize the categorization of antigens at low levels. This procedure has been
investigated further by comparing the ability of QDs and conventional IHC to
measure mismatch repair gene mutation status in hereditary nonpolyposis color-
ectal cancer, in which conventional THC scoring by an expert pathologist outper-
formed a QD-based quantified status determination (E. Barrow et al., unpublished
results).

352
Imaging Analysis

Whilst QDs allow multiple label-staining there remains the problem of color reso-
lution, and therefore—despite the improved fluorescence properties of QDs over
conventional fluorophores—effective multiplexed and quantitative imaging using
QDs still requires sophisticated image analysis [25, 68, 69]. Crucially, the data
quality from highly multiplex imaging using QDs is compromised without such
sophisticated image analysis. Conventional RGB (red, green, blue) cameras
summate the intensity of each color channel, reducing the complexity of the spec-
tral information to a three-digit readout, but are incapable of:

« distinguishing pure from colocalized color mixtures; that is, pure yellow from
a red and green mixture;
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e removing tissue autofluorescence, which is often high in formalin-fixed paraf-
fin-embedded tissue;

e distinguishing spectrally overlapping fluorescent signals; and

e producing a numerical readout of signal distribution and intensity [70].

Spectral imaging (also known as “hyperspectral imaging”) is a branch of spec-
troscopy in which a complete spectrum or some spectral information (such as the
Doppler shift or Zeeman splitting of a spectral line) is collected at every location
in an image plane. The process has been used extensively in astronomy, solar
physics and Earth remote sensing and, more recently, in biological imaging [69].
For the analysis of fluorescence imaging it differs from conventional methods, in
which different filters or “cubes” are used to isolate and visualize each fluorophore,
by collection of the entire spectral information for each pixel, from which indi-
vidual spectral components are resolved digitally.

When using a fluorescence microscope combined with a CCD camera and a
liquid crystal tunable filter (LCTF), a series of images can be captured along a
specific wavelength range. The Nuance spectral imaging system supplied by Cam-
bridge Research Instruments (CRI, Woburn, MA, USA), which the present authors
have used extensively, achieves this by using stacked liquid crystal filters to produce
a solid-state tunable Lyot filter that enables fluorescent image files to be collected
at serially stepped wavelength intervals from 450 to 720nm The resultant image
files each comprise the concatenated stack of images at each wavelength interval
per pixel, and can be used to reconstruct multiple spectral distributions via a
maximum likelihood method [71]. Specifically, the maximum likelihood distribu-
tions at each pixel are determined for spectral distributions obtained from autoflu-
orescence and for the QDs used in a given experiment. These distributions
represent signal intensity at each pixel for the defined spectra, and can be con-
verted to composite false color images to visualize staining distribution and inten-
sity for each QD. This system therefore offers the possibility to separate
electronically the different spectra or signals, and in particular the tissue autofluo-
rescence, from other fluorescent markers.

These advances in image processing and computer technologies have provided
significant improvements in SNRs and an accurate separation of multiple colors,
simultaneously capturing signal intensity and enabling signal quantitation. Gao
et al. [21] used spectral imaging to visualize fluorescent probes targeting prostate
cancer. They were able to successfully remove the background noise, such that
multiple fluorescent signals were identified within the acquired images in a live
mouse. This application has subsequently gained popularity due to its ease of use.
Xiao et al. [66] have used QDs to quantify HER2 and telomerase, demonstrating
the feasibility of their use for the relative quantitation of cancer biomarkers.
Alternatively, 3-D and in vivo analyses of small animals can be performed with
confocal laser scanning microscopy [72], although the underlying principle utilizes
a similar approach as the spectral imaging analysis described above. In this case,
the scanners and detectors are arranged around a sample so as to ensure optimal
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illumination, and a spectral signature is collected at regular wavelength intervals
for each pixel, thus creating a stack.

The possibility of quantitative fluorescence gene expression measurement with
QDs requires the development of fluorescent standards, as described above. Wu
et al. [38] reported the production of calibrated QDs for a range of emission spectra,
of importance in multiplex studies. One possible confounding factor in the use of
QDs for quantitative measurement is the characteristic, of single QDs, of fluores-
cence intermittency (“blinking”). This may hamper their use as single-photon
sources, either for quantitation or for real-time monitoring of single biomolecules.
However, the problem may be obviated when quantifying over an area, in which
multiple reporter QDs will be present, and when imaging is undertaken over a
prolonged period relative to the frequency of blinking.

353
Combinational Microscopy Methods

A few groups have combined light and electron microscopic imaging. Giepmans
et al. [73] exploited the high electron-density of QDs to visualize them using
electron microscopy. Streptavidin-coated QDs were used to detect alpha-tubulin,
via a biotinylated secondary antibody, in fixed sections of rat lung fibroblasts, by
using light microscopy. Electron microscopy was used to visualize QDs on carbon
films, demonstrating differences in the shape of different-sized QDs, with larger
dots having a rhomboid shape. Streptavidin-coated QDs were then used for the
disclosure of anti-Cx43, as visualized by electron microscopy, which showed a
localization of staining to the gap junctions of cells (Figure 3.7a). Next, triplex
staining for GFAP, Cx43 and IP3R was performed in mouse cerebellum, with
visualization of staining by both light and electron microscopy; the size and shape
difference of the different QDs used for disclosure of each antibody was then used
to distinguish label identity in the electron micrographs (Figure 3.7b). Deerinck
et al. [74] also showed simultaneous light/fluorescent and electron microscopic
detection of antibody staining, for beta-tubulin, in HeLa cells. In particular, they
noted the extreme durability of QD-fluorescence, which was preserved through
processing for electron microscopy, as long as post-fixation with osmium tetroxide
was omitted. Typically, specimens can be embedded in either epoxy resin or in
London Resin, and visualized first by fluorescence microscopy, followed by elec-
tron microscopic visualization of selected areas. This enables an initial relatively
wide-field survey to be followed by directly correlated imaging using electron
microscopy.

3.54
Clinical and Mechanistic Biological Applications

Most of the applications noted above have used QDs to visualize multiple markers
in test models, either as proof of principle or for method development and valida-
tion. However, in some cases the QDs have been used in particularly imaginative
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Figure 3.7 (a) Multiplex electron microscopy
using QDs. Different sized streptavidin-QD
conjugates (shown on carbon films in panel
a) were used for the disclosure of Cx43
antibody staining in fibroblasts, showing
localization to gap junctions (panel b, higher
magnification in panel ¢ and annular
junctions in panel d). Double staining for
Cx42 and alpha-tubulin is shown in panels
e—g, with clearly identifiable localization

of different-sized QDs (smaller labeling
Cx43 and larger alpha-tubulin) in panel g;

(b) Double- and triple-labeling of proteins for
electron microscopic imaging. (Panels a,b)
Mouse cerebellum probed for IP3R and GFAP
with 565 nm and 655 nm QDs, respectively
[imaged by light (a) and electron (b)
microscopy]; (panels c—e) Mouse cerebellum
probed for GFAP, Cx43 and NFP68 using
525nm, 565nm and 655nm QDs, respectively
(imaged by light [singly in c and as overlay in
d] and electron (e) microscopy]. Reproduced
with permission from Ref. [73].

ways to study complex or difficult biological problems. For example, Matsumo
et al. [51, 53] used confocal laser scanning microscopy and combined QD ISH
and ITHC to visualize, in 3-D form, the relationship between GH mRNA and
protein in the rat pituitary. This was especially useful for the analysis of protein
and mRNA localization and interaction in subcellular organelles, in which the
3-D structure of, and localization of biomolecules to, are important. This method
may therefore facilitate a 3-D understanding of protein—protein and protein—
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(b)
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Figure 3.7 Continued

mRNA interactions at the subcellular level. Specifically, for GH and PRL, as
studied by Matsumo et al. [53], the results suggested that PRL was being trans-
ported to the plasma membrane and secreted more rapidly than GH. Lidke et al.
[19] used QDs to study the cellular localization of EGF, using QDs bearing EGF
(QD-EGF) that had been prepared by incubating streptavidin-coated QDs with
biotinylated EGF; in this case, erbB1, which binds EGF, was labeled with green
fluorescent protein (GFP). In live cells there was rapid colocalization of QD-EGF
and ErbB1-GFP, followed by endocytosis, which was shown by using transferrin-
Alexa633 to occur via clathrin-coated pits. Subsequently, it was shown that the
uptake of EGF-QDs occurred by a previously unreported retrograde transport
mechanism, which could not have been detected without the use of QD-EGF.
Finally, the heterodimerization of erbB2 (labeled with yellow fluorescent protein;
YFP), but not erbB3 with erbB1, was demonstrated after EGF stimulation. The
main impact of this report was its demonstration of the power of QD-ligands to
visualize complex protein interactions and cellular processes down to the single-
molecule level.
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355
Cancer Molecular Profiling

Cancer diagnostics increasingly relies on the measurement of multiple biomarkers
at either the genotypic, mRNA, or protein level. Despite the simultaneous meas-
urement of multiple markers being difficult when using conventional techniques,
there is an increasing need for methods to perform such measurements in clinical
samples as the number of informative markers required for prediction continues
to increase while the size of many diagnostic samples decrease. This is particularly
important with regards to improvements in imaging, which have resulted in the
radiologically guided sampling of deep tumors. Consequently, much interest has
been expressed in the possibility of using QDs for this purpose.

Caldwell et al. [75] used spectral imaging to measure the average intensity of
QD-antibody staining for just two proteins (MDM-2 and B-actin) in a tissue micro-
array of tissue samples from a renal cell carcinoma, thus demonstrating the ability
of the method to distinguish cancer from normal adjacent tissue. Bostick et al. [41]
proposed the use of QDs to detect up to five biomarkers per slide, from which
more biomarkers could be measured using multiple slides each stained with five
different biomarkers. A similar approach, using QD-ISH, was taken by Tholouli
et al. [24] to measure nine prognostic genes in acute myeloid leukemia (E. Tholouli
et al., unpublished results). Here, a custom-built image analysis method was used
to quantify the expression of each biomarker, and a workflow for the analysis,
similar to that proposed by Byers et al. [42] and Tholouli et al. [24]. In future, it
will be important for clinical applications that such systems are robust, standard-
ized, streamlined, fast, easy to use, and, ideally, automatable; as an example, the
system described by Bostick et al. [41] took seven hours to analyze six
biomarkers.

Byers [42], Tholouli [24], Sweeney [8], and colleagues have extensively explored
the use of QDs for the measurement of biomarkers in clinical tissue. In two related
reports—one detailing a manual and the other an automated system-—Byers et al.
[42] and Tholouli et al. [24] demonstrated multiplex QD-ISH in archival clinical
tissue samples. Byers et al. [42] demonstrated the photostability of QDs over a
period of 18 months, and also (in a preliminary study) the use of QD fluorescence
intensity to measure Fas mRNA expression in fixed LNCap cells in a semi-quan-
titative manner; the results obtained correlated well with parallel real-time PCR
measurements of mRNA expression. The use for mRNA detection, again for Fas,
was also demonstrated in 30-year-old archival prostatic tissue in a tissue microar-
ray, and also as combined ISH and IHC in murine lung (Figure 3.8a—c). Tholouli
et al. [24] undertook a comprehensive test of the method in EDTA-decalcified
formalin-fixed bone marrow trephine samples, applying strict ISH controls, and
demonstrated triplex ISH for X-linked inhibitor of apoptosis protein (XIAP), sur-
vivin, and Bcl2; a comparison of the expression values obtained by single and
triplex ISH showed good concordance (Figure 3.9).

Each of these studies employed spectral imaging using a CRI Nuance system
(Woburn, MA, USA) to unmix raw images and produce intensity maps for each
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Figure 3.8 (a) Combined duplex Q-ISH and
IHC was performed in mouse lung for mcc10,
pulmonary surfactant (PS) and CD34 using
QD-labeled riboprobes for mcc10 and PS with
the addition of IHC for CD34, which
highlights the alveolar capillary network, but is
not present in the bronchiolar epithelium. The
resultant raw image (i) was subjected to
spectral analysis using the spectra for 525 nm
(PS), 605nm (mcc10) and 655nm (CD34)
QDs, from which distributions of PS (ii),
CD34 (iii) and mcc10 (iv) were resolved; a
composite false color image of resolved
images for PS, CD34 and mcc10 is shown in
(v) (PS in green, CD34 in red, mcc10 in blue;
all x40 original magnification); (b)
Quantification of QD-ISH. Expression FAS
was measured at a series of time points in
LNCap cells following stimulation of
expression with the synthetic androgen R1881
by both QD-ISH (panels A and B) and
quantitative RT-PCR (panels C and D), and
showed a high correlation between FAS levels
measured by QD-ISH (panel B) and
quantitative RT-PCR (panel C); (c) QD-based

-

3.6 Summary and Future Perspectives

in-situ hybridization is photostable and
quantifiable. A: Signal intensity for the same
slide of mouse lung, hybridized with
DIG-labeled antisense mcc10 riboprobe
visualized twice over an 18-month interval,
demonstrating the stability of QD
fluorescence. There was no significant loss of
intensity between the first (i) and second (iii)
visualizations; hematoxylin and eosin-stained
section shown in (i) (all x40 original
magnification). B: FAS hybridization in 30-year
(i) benign and (ii) malignant prostatic core
biopsies in a tissue microarray demonstrating
(iii) low signal in benign tissue, and (iv) high
signal in prostatic adenocarcinoma; 605nm
QD disclosed IHC for FAS is shown in (v)
benign and (vi) malignant prostatic tissue (all
%20 original magnification). Signal intensity
was determined by spectral analysis over nine
benign (N) and 12 malignant (T) cores (vii),
and measured using IPLab, demonstrating a
higher expression of FAS in the malignant
cores. Reproduced with permission from

Ref. [42].

%

of the QDs used, from which areas of positivity, colocalization and intensity could
be calculated. Sweeney et al. [8] have published a modified method using in vitro
QD-antibody conjugation as a possible high-throughput method for biomarker
validation and measurement in clinical samples, demonstrating triplex staining
for cytokeratin, CD34, and cleaved caspase 3. The utility of the CRI imaging system
for the colocalization, and measurement of QD area and intensity of staining was
highlighted in this study (Figure 3.10a,b).

3.6
Summary and Future Perspectives

QDs are relatively novel and near-ideal fluorophores that, during the relatively
short time since their first use, have been employed in many biological and bio-
medical imaging applications. They can be tagged or conjugated to many different
biological probes, including antibodies and nucleic acids. Their unique spectral
qualities enable not only a significantly improved signal detection compared to
previous detection systems but also the multiplexing of several different probes,
including different types of probe such as DNA and protein. When combined with

139



(b)

140

Bcl-2

Bcl-2

3 Multiplexed Bioimaging Using Quantum Dots

Survivin

Survivin

Single and triplex QD-ISH

mSingle QD-ISH
®Triplex QD-ISH

Bcl-2

XIAP

Figure 3.9 Triplex QD-ISH. (a) Single-gene
QD-ISH was performed in bone marrow
infiltrated by AML. Antisense oligonucleotide
probes to bcl-2 (labeled with 605 nm QDs),
survivin (labeled with 655 nm QDs) and XIAP
(labeled with 705 nm QDs), all known to be
expressed in AML at different levels, were
hybridized separately. The resultant raw
images were subjected to spectral analysis to
resolve hybridization signal intensity maps for
bcl-2, survivin and XIAP, shown as gray scale;
(b) Triplex QD-ISH was performed in bone
marrow infiltrated by AML. Antisense
oligonucleotide probes to bcl-2 (labeled with
605 nm QDs), survivin (labeled with 655nm
QDs) and XIAP (labeled with 705 nm QDs)

Survivin

XIAP

Composite image

were hybridized, and the resultant raw images
subjected to spectral analysis to resolve
component signal intensity maps for bcl-2,
survivin and XIAP, shown as gray scale. A
composite image showing all three gene
expression distributions was generated from
these, using false color with bcl-2 in red,
survivin in green and XIAP in blue; (c)
Quantification of hybridization signal intensity
for bcl-2, survivin and XIAP in single and
triplex QD-ISH; signal intensity for each gene
was measured in IPLab from gray scale signal
intensity maps (shown in a and b, above)
generated after spectral analysis of raw
images; arbitrary intensity units on y-axis.
Reproduced with permission from Ref. [24].
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Figure 3.10 (a) One-step multiplexed staining
using QDots conjugated to biotinylated
primary antibodies on tonsil tissue. A: Raw (i)
and false-color composite images (i) of dual
staining with Cytokeratin 18-QD605 (green),
cleaved Caspase 3-QD655 (red) and
autofluorescence (blue); the individual
unmixed images are shown as thumbnails:
(iii) Cytokeratin 18 and (iv) cleaved Caspase
3. B: Raw (i) and false-color composite
images (ii) of triple staining with CD34-
QD605 (red), Cytokeratin 18-QD655 (green)
and cleaved Caspase 3-QD705 (blue), with
autofluorescence removed; the individual

unmixed images are (iii) Cytokeratin 18, (iv)
CD34 and (v) cleaved Caspase 3; (b) Spectral
imaging and signal quantitation. The raw
image (i) was unmixed into individual
intensity maps for (ii) Cytokeratin 18 and (v)
CD34, and combined to form a falsely colored
composite image (iv). Nuance software was
used to quantify Cytokeratin 18 (iii) and (vi)
CD34, and the average signal intensity/pixel
for each antibody was calculated (viii). The
percentage colocalization of CK18 and CD34
was also measured using Nuance software
(vii) and (ix). Reproduced with permission
from Ref. [8].

spectral imaging, QDs represent a particularly powerful bioimaging platform
capable of generating quantitative in situ protein and mRNA expression data. This
aspect makes them particularly promising for multiplex in situ gene expression
measurements, at either the protein or mRNA level, in clinical tissues. This will
facilitate the investigation of predictive cancer gene signatures in clinical tissues,
and also enable more sophisticated investigations of the interaction of the ele-
ments of cancer gene signatures in situ. Today, the use of QDs is relatively straight-
forward; indeed, it is expected that they will become of increasing interest to
research groups involved in pathological and allied biomedical studies.
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4
Multiplexed Detection Using Quantum Dots
Young-Pil Kim, Zuyong Xia and Jianghong Rao

4.1
Introduction

In recent years, rapid and sensitive detection systems, when used in a multiplexed
manner, have attracted much interest in the areas of clinical diagnostics, drug
screening, and bioimaging applications. With today’s ever-increasing knowledge
of genomic and transcriptomic information covering a wide range of diseases,
much greater numbers of biomarkers are becoming available for the development
of bioanalytical assays for disease diagnostics, treatment monitoring, and drug
development. Most complex human diseases such as cancer and atherosclerosis
involve a number of genes and proteins, rather than single units. Thus, the ability
to track a panel of molecular markers at the same time would allow not only a
better understanding of complex human diseases, but also the ability to classify
and differentiate among them, rather than to use a single biomarker on each occa-
sion. The additional advantages of a multiplexed assay include time-savings with
high-throughput screening, a low consumption of reagents and samples, and a
reduction in errors between inter-sampling. Although many powerful analytical
methods are currently available, fluorescent probes have long been used in these
assays for multiplexed purposes, due to their high sensitivity with fluorescence
detection [1]. However, the narrow absorption and wide crosstalk of organic dyes
and fluorescent proteins represents a major hurdle for the simultaneous detection
of multiple targets, due to requirements for the elaborate excitation of each probe
and complicated analyses of the acquired data. Moreover, the low resistance of
fluorescent probes to chemical and photodegradation may significantly limit their
use in multiplexed monitoring.

Recently, a new class of fluorophores, semiconductor fluorescence nanocrystals
(or quantum dots; QDs) has begun to emerge as an attractive alternate to organic
dyes for bioanalytical and bioimaging applications. These QDs are composed of
inorganic semiconductors, and have novel optical properties that can be used to
optimize the signal-to-background ratio in fluorescence detection and imaging [2,
3]. In comparison with organic dyes and fluorescent proteins, QDs have several
advantages and unique applications.
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First, they have very large molar extinction coefficients in the order of 0.5-
5% 10°M "' cm™ [4], which is about 10- to 50-fold larger than that of organic dyes
(5-10 x 10*‘M'cm™). Therefore, QDs are able to absorb 10 to 50 times more
photons than organic dyes at the same excitation photon flux (i.e., the number of
incident photons per unit area), and this leads to a significant improvement in
probe brightness. This, in turn, allows for brighter emissions under photon-lim-
ited in vivo conditions, where light intensities are severely attenuated by scattering
and absorption. In theory, the lifetime-limited emission rates for single QDs are
five- to tenfold lower than those of small organic dyes, because of their longer
excited state lifetimes (20-50ns versus <10ns). In practice, however, fluorescence
imaging usually operates under absorption-limited conditions, where the rate of
absorption is the main limiting factor of fluorescence emission (versus the emis-
sion rate of the fluorophore). As a result, individual QDs have been found to be
10- to 20-fold brighter than organic dyes [5].

Second, QDs are several thousand times more stable against photobleaching
(the loss of fluorescence due to photoinduced chemical damages) than organic
dyes, and are thus well-suited for continuous tracking studies over long periods
of time. In addition, the relatively longer excited state lifetimes of QDs can be used
to separate the QD fluorescence from background fluorescence, in a technique
known as “time-domain imaging” [6]; QDs emit light sufficiently slowly that most
of the background autofluorescence emission is complete by the time that QD
emission occurs.

Third, the large Stokes shifts of QDs (measured by the distance between the
excitation and emission peaks) can be used to further improve detection sensitiv-
ity. This factor becomes especially important for in vivo molecular imaging due to
the high autofluorescence background that is often seen in complex biomedical
specimens. The Stokes shifts of semiconductor QDs may be as large as 300—
400nm, depending on the wavelength of the excitation light. Organic dye signals
with a small Stokes shift are often buried by strong tissue autofluorescence,
whereas QD signals with a large Stokes shift are clearly recognizable above the
background. This degree of “color contrast” is only available to QD probes, as the
signals and background can be easily separated by wavelength-resolved or spectral
imaging [5]. A further advantage of QDs is that multicolor QD probes can be used
to image and track multiple molecular targets simultaneously. By tuning the size
and composition, QDs can emit light from the blue to the near-infrared (NIR). For
example, CdS and ZnSe dots emit blue to near-UV light, different-sized CdSe dots
emit light across the visible spectrum, and InP and InAs QDs emit in the far-red
and NIR regions [7]. This is a very desirable feature for multiplex detection and
imaging because the broad absorption profiles of QDs allow the simultaneous
excitation of multiple colors, while their emission wavelengths can be continu-
ously tuned by varying the particle size and chemical composition (Figure 4.1).

These superior optical properties of QDs have led to them finding a wide range of
applications, from bioanalytical assays, live-cell imaging, fixed-cell and tissue labe-
ling, to biosensing and in vivo animal imaging, that have been reviewed extensively
[7-10]. In order to avoid repetition, this chapter will focus primarily on the multiplex
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features of QDs for biological applications in terms of multiplexed detection and
imaging. A brief survey of the QD-based in vitro assays, such as DNA hybridization,
immunoassays, and enzyme activity detection, is followed by some highlights of
the applications of QDs for multiplexed imaging in cells and in small live animals.

4.2
In Vitro Multiplexed Analysis Using QDs

4.2.1
DNA Hydridization

Analyses of gene expression profiling and single nucleotide polymorphisms
(SNPs) have been recognized as a hallmark to studies relevant to distinct genetic
malfunction, as well as in the prediction of disease progression [11, 12]. In order
to improve the diagnosis, prognosis and tailored molecular therapy by targeting
disease-causing genes or genetic variations, reliable methods with multiplexed and
rapid screening are essential. Thus, over the past few decades, electrophoresis and
“lab-on-a-chip” systems have been successfully applied to explore single nucleotide
differences by the hybridization of labeled targets with a wide variety of probe
designs, including molecular beacons, peptide nucleic acids, and nanoparticle-
labeled oligonucleotides. However, the challenge for these methods is to assay,
simultaneously, multiple different nucleic acids. It was shown subsequently by
Han et al. [13], however, that this limitation could be overcome by using the optical
properties of semiconductor QDs, and by generating multicolor-coded QDs by
embedding different-sized QDs into polymeric microbeads. With different ratios
of QDs of different colors, a very large number of multiplexed codes could be
achieved with high selectivity and sensitivity and, even though there may be spec-
tral overlapping and fluorescence intensity variations among the recognition
codes, it would still be possible to distinguish 10000 to 40000 different codes if
five to six colors with six intensity levels were to be used. Notably, in comparison
to microspheres containing organic dyes, which would require multiple excita-
tions, the use of QDs has significant advantages by being able to use a single
wavelength for simultaneous excitation. Indeed, it was shown possible to detect
DNA hybridization when different probe oligonucleotides were labeled with mul-
ticolor encoded beads (Figure 4.2). Since these assay methods are uniform, repro-
ducible, and highly accurate (up to 99.99%), a combination of encoded beads and
oligonucleotide probes would be expected to allow for practical genomic applica-
tions in a multiplexed manner. This resulted in the QD-encoded microsphere-
based assay being commercialized as the Qbead™ system by the Invitrogen
Corporation [14], and demonstrated for SNP genotyping of the cytochrome P450
family. Whilst this was highly relevant to modern drug discovery, it proved difficult
for multiplexed analyses due to the high degree of homology (i.e., high cross-
reactivities) required. Notably, the Qbead™ system enabled an accurate analysis
with very small quantities of DNA in real samples, thus validating its high accuracy
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were removed by washing. For multiplexed
assays, the oligonucleotide lengths and
sequences were optimized so that all probes
had similar melting temperatures (T, = 66—
99°C) and hybridization kinetics (30min) [13].

and reliability for multiplexed SNP genotyping. It was also reported that carboxyl-
modified polystyrene beads embedding the QDs could be used to detect DNA
targets effectively, and with a detection limit as low as 0.01 ~ 0.2 ugml™" in complex
samples such as a denatured calf thymus DNA solution [15, 16].

The multiplexed characteristic of QDs has also been successfully utilized in
DNA microarray technology. For example, the group of Alivisatos reported a
microarray-based multi-allele detection through the direct conjugation of nanoc-
rystals with DNA [17]. The developed system not only detected SNP mutations in
the human p53 tumor suppressor gene (which is mutated in over 50% of all known
human cancers), but also identified hepatitis B and C genotypes (75-mers) with
two different QDs in the presence of a background of human genes. The most
interesting aspects of these DNA-nanocrystal conjugates included their stability,
their ability to maintain a stable activity for more than six months, their rapid
hybridization, and their room-temperature incubation requirements. A simultane-
ous qualitative analysis of QD-conjugated DNA strands was also demonstrated
using surface plasmon-enhanced fluorescence microscopy and spectrometry as
multicolor images [18]. This concept was based on a combination of surface
plasmon field enhancement and fluorescence spectroscopy, by which approach
the resonant excitation of an evanescent surface plasmon mode (plasmon surface
polariton, PSP) can be used to excite the fluorophores that are chemically attached
to the target molecules. Upon binding to the probe DNA strand at the metal/solu-
tion interface, the fluorophore reaches the strong optical fields that can be obtained
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in PSP resonance, giving rise to significant enhancement factors. In particular,
the use of a fluorescence detection scheme in combination with the resonant
excitation of surface plasmons, has been shown to provide a considerable increase
in detection sensitivity. Moreover, the use of QDs makes it possible to excite
several QD populations simultaneously with a single light source at a single angle
of incidence for resonance surface plasmon excitation. In this assay, 5’-biotin-
tagged single-stranded DNA (ssDNA) sequences were attached to streptavidin-
coupled CdSe/ZnS core-shell QDs, after which the specific hybridization of
QD-conjugated DNA single strands to the sensor-attached complementary
sequences was detected by a substantial shift in the angular reflectivity spectrum
of the SPR, as well as by a large fluorescence signal. In another example of the
DNA chip-based system, a multiplexed hybridization detection method based on
the multicolor colocalization of oligonucleotide-functionalized QD probes was
reported [19]. For this, two QD nanoprobes with different emission wavelengths
were designed to bind in juxtaposition to the same target DNA of interest so as to
form a “sandwiched” nanoassembly (Figure 4.3). Then, by measuring the color
intensity of the nanoassemblies, the presence of a specific target nucleotide could
be determined and a multiplexed sequence identification achieved by using mul-
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Figure 4.3 (a) QD nanoprobes prepared by The nanoassembly is detected as a blended
surface-functionalizing QDs with target- color (orange) due to the colocalization of the
specific oligonucleotide probes. Two both QD nanoprobes; (b) The color
target-specific QD nanoprobes with different ~ combination scheme for multiplexed
emission wavelengths sandwich a target, colocalization detection [19].

forming a QD probe-target nanoassembly.
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tiple combinations of different-color QD nanoprobes. The use of QD-based probes
on a fiber-optic microarray platform was recently described to perform the poly-
chromatic (termed multiplexed) detection of eight different Bacillus anthracis sub-
species [20]. Here, beads coated with ssDNA probes were localized into the etched
wells of fiber-optic arrays so as to facilitate the use of virtually optical reporters
such as QDs. Multiplex detection with an assortment of eight fluorescent report-
ers, including five different QDs, was demonstrated in a fiber-optic microarray
platform, which provided a fourfold increase in throughput over standard two-
color assays.

QDs have also been used for the electrochemical detection of oligonucleotide
targets. For example, Wang et al. first reported that multiple nucleic acids could
be easily detected by using a sandwich-type DNA hybridization and subsequently
a stripping voltammetry method based on probe-attached magnetic beads and QD
tags [21]. Three different nucleic acids were immobilized on different magnetic
particles, which permitted a favorable and straightforward separation and efficient
purification of the complementary target nucleic acids. As a detection probe, three
encoding QDs (ZnS, CdS, and PbS) were functionalized with nucleic acids com-
plementary to the target nucleic acids associated with the magnetic particles.
When the target DNA was present, the DNA was linked between the QDs and
magnetic beads by a sandwich-type hybridization, after which stripping voltam-
metry of the respective semiconductor nanoparticles yielded well-defined and
resolved stripping waves, without any overlapping. As a result, this method enabled
the simultaneous electrochemical analysis of several DNA analytes (Figure 4.4a).
This principle could be further extended for the coding of individual SNPs [22],
whereby nanocrystal QDs of four different compositions (ZnS, CdS, PbS, and CuS
QDs) were linked to adenosine, cytidine, guanosine, and thymidine mononucle-
otides, respectively. According to the voltammetric codes by nanocrystal-nucleotide
tags, the degree of mismatch could be identified within a single DNA target in a
single voltammetric run. A distinct multipotential readout would, therefore, allow
for a rapid and high-throughput analysis and fingerprinting of specific SNPs
(Figure 4.4b).

422
Immunoassay

Antibody-based detection systems represent powerful tools for a variety of molecu-
lar and cellular analyses, as well as clinical diagnostics. For example, the Western
analysis of protein expression in cells and tissues has served as a major tool in
biochemistry and molecular biology for protein immunodetection. In comparison
to multiple repeats of single target blotting, a multiplexed analysis would be much
less time-consuming and labor-intensive, and also avoid the loss of immobilized
proteins from the blot. Although the use of small organic fluorescent molecules
has been investigated for this purpose, QDs came to be the fluorophore of choice
[23-25]. By conjugating streptavidin-coated QDs with a biotinylated Z domain
derived from Staphylococcus aureus protein A, Bello et al. constructed different
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Figure 4.4 (a) Multitarget electrical DNA containing hybrids (captured on magnetic
detection protocol based on different beads) followed by sequential additions of
inorganic colloid nanocrystal tracers. (A) ZnS-linked adenosine-5" monophosphate,
Introduction of probe-modified magnetic CdS-linked cytidine-5" monophosphate,
beads; (B) Hybridization with the DNA PbS-linked guanosine-5" monophosphate, and
targets; (C) Second hybridization with the CuS-linked thymidine-5" monophosphate. Also
QD-labeled probes; (D) Dissolution of QDs shown (right) are the corresponding

and electrochemical detection [21]; (b) assemblies of nanocrystal-linked DNA/
Electrochemical coding of all eight possible magnetic beads. (Note: the relative sizes of
one-base mismatches using inorganic the magnetic beads and nanocrystal tags are
nanocrystal tracers. Use of mismatch- not to scale.) [22].

-
%

probes with antibody [24]. For the simultaneous detection of two different types
of protein, two probes—one with anti-apoAl (human apolipoprotein AI)-QD565
and one with anti-luciferase-QD655 —were easily visualized on the same blot [24].
Today, Western blot kits using QD-antibody are now commercially available. In
fact, it has been reported that a multiplex Western blot with the commercial kit
enabled the simultaneous analysis of p42 MAPK phosphorylation in platelet-
derived growth factor (PDGF)-treated NIH-3T3 cells [25].

A QD-based multiplexed immunoassay was also developed by Goldman et al. to
detect multiple toxins [26]. In this case, a dual fluoroimmunossay was initially
executed using two-color QDs [27], essentially because the detection of more than
two toxins was limited as the filters for the plate reader were incapable of fine color
resolution. This problem was solved by employing a scanning emission spectrum
and using a deconvolution method that assumed a superposition of independent
QD spectra. Consequently, in an extension of these studies, four different toxins
(cholera toxin, ricin, shiga-like toxin, and staphylococcal enterotoxin B) could be
analyzed in the single wells of a microtiter plate (Figure 4.5). Despite the cross-
reactivity of antibody and nonspecific interaction, four analytes were detected by
a mix of four QD-antibody pairs in both low and high concentration ranges (30
and 1000ngml™).

Liu et al. demonstrated an effective and inexpensive multitarget electrochemical
immunoassay based on the use of different colloidal nanocrystal tags for detecting
specific proteins. [28]. First, B,-microglobulin, immunoglobulin G (IgG), bovine
serum albumin, and C-reactive protein were conjugated with ZnS, CdS, PbS, and
CusS colloidal crystals, respectively. The multiprotein electrical detection was com-
bined with the electrochemical stripping transduction, which led to very low detec-
tion limits (on the femtomolar level). This system was also operated together with
an efficient magnetic separation so as to minimize any nonspecific binding effects.
By capturing the target antigens using antibody-conjugated magnetic beads, the
bound antigens could be detected by their reaction with a pool of nanocrystal-
antibody pairs and a stripping voltammetric measurement of the corresponding
metals. Each individual protein recognition event thus yielded a distinct voltam-
metric peak. A similar attempt has been made using an aptamer—-QD conjugate
[29], where the coupling of aptamers with the coding and amplification features
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Figure 4.5 Multiplex immunoassays with assay examining mixes of all four indicated
QDs. (a) Schematic of the four-color multiplex toxins at 1000ngml™, each probed with a mix
assay. The indicated colors of QDs were of QD-detection antibody conjugates. The
prepared with antibodies against the measured values are shown as circles. Both,
four-indicated toxins and simultaneously the composite fit and the fit from each of the
incubated in microtiter-well plates containing  four individual QD components are displayed.
the four-toxins immobilized by capture Reproduced with permission from Ref. [26];
antibodies on the surface; (b) Multitoxin ©, American Chemical Society.

of inorganic nanocrystals enabled a highly sensitive and selective simultaneous
bioelectronic detection of lysozyme and thrombin (detection limit 20ngml™),
along with the coimmobilization of the corresponding aptamers. With negligible
cross-interferences, it is possible to measure five to six protein targets simultane-
ously in a single run. Nanoparticle-based electrochemical sensing system could be
readily multiplexed, and should be capable of scaling-up in multiwell microtiter
plates so as to allow the simultaneous parallel detection of numerous proteins or
samples. A lab-on-a-chip immunoassay using the double detection of microsphere
light scattering and QD emission was demonstrated by Lucas et al. [30]. For this,
highly carboxylated polystyrene/polyacrylic acid (PS/PAA) submicron latex micro-
spheres were coated with QDs, and an immunoassay then carried out using two
types of nano-on-micro (NOM) combinations. In this case, one batch of micro-
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spheres was coated with QDs emitting at 655 nm and mouse IgG (mIgG), while
the other batch was coated with QDs emitting at 605nm and bovine serum
albumin (BSA). A mixture of these two NOMs was used to identify either anti-
mlgG or anti-BSA. When a positive antibody match occurred, the light scattering
was increased at 380nm while the QD emission was attenuated (605 or 655nm),
depending on which antibody was present.

4.2.3
Assaying the Activity of Enzymes

As an important class of proteins, enzymes carry out crucial biological functions
in all cellular and physiological processes and, indeed, are often the targets for
disease detection, diagnostics, drug discovery, and therapeutics [31, 32]. Proteases,
which represent the second largest enzyme family in humans, are implicated in
both normal physiological processes such as immunity [33-35], development [36],
blood clotting and wound healing [37], and also in cardiovascular, oncologic, neu-
rodegenerative, and inflammatory diseases [38—41]. Their importance in basic and
pharmaceutical research demands sensitive assays that are capable of monitoring
their activity both in vitro and in vivo.

Most protease assays are designed to detect the cleavage or digestion of an
appropriate substrate, such as a fluorescent dye-labeled peptide or a protein, by
the target protease [42—47]. Cleavage of the fluorogenic substrate by the protease
results in changes in the fluorescence emission of the reporter molecule. The
majority of fluorescent probes are quenched fluorogenic substrates, based on the
principle of fluorescence resonance energy transfer (FRET). In a FRET-based
probe, two fluorophores are attached to the ends of the substrate with a distance
between them of <10nm, such that the emission wavelength of the donor fluoro-
phores overlaps with the excitation wavelength of acceptor fluorophores for non-
radiative energy transfer. Cleavage of the substrate between the two fluorophores
disrupts the energy transfer, and this results in an increase in the donor emission
(Figure 4.6) [48, 49].

Quantum dots offer several advantages over organic dyes in FRET probes:

e Many fluorophores are available to form FRET pairs, with optimized spectral
overlap.

 An optimal excitation wavelength, away from the absorption peak of paired fluo-
rescent molecule, will minimize crosstalk between the FRET pair.

e The immobilization of multiple copies of fluorescent molecules on a single QD
will increase the overall FRET efficiency.

Although QDs are frequently used as donors in FRET due to their broad excita-
tion spectra and long excited-state life times [53], they may also act as energy
acceptors in bioluminescence resonance energy transfer (BRET), with a biolumi-
nescent protein as the energy donor [54]. The detection of protease activity (based
on either FRET or BRET) between QDs and dyes, gold nanoparticles and biolu-
minescent proteins, is outlined in the following sections.
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Figure 4.6 Fluorescence resonance energy transfer. The acceptor can be a quencher
transfer (FRET)-based probes for the (e.g., gold nanoparticle [50, 51]) or a
detection of protease activity. (a) A FRET- fluorescent dye [52]; (c) A ratiometric protease

based protease probe has donor and acceptor assay eliminates the artifacts from the
fluorophores linked by a substrate sequence.  variation of concentrations [52]. Upon
Proteolytic cleavage of the linker interrupts enzymatic cleavage of the substrate, the QD
the FRET process that causes fluorescence fluorescence increases and emission from the
changes; (b) Protease probes using QDs have acceptor dye decreases. The ratio changes can
multiple acceptors per QD for efficient energy be used to quantify the enzyme activity.

4.2.3.1 FRET-Based Protease Detection with QDs as the Donor

In order to detect protease activity, quenching groups (whether organic quenchers
or gold nanoparticles [50-52, 55, 56]) were first bound to the surface of a QD
through a peptide sequence. This close proximity allowed for quenching of the
QD emission via FRET, while subsequent cleavage of the peptide sequence by
the corresponding protease led to a recovery of the QD fluorescence. The first
report of protease detection with a QD-based probe utilized gold nanoparticles
(AuNP) as the quenching moieties [50]; these were linked to a CdSe/CdS QD



4.2 In Vitro Multiplexed Analysis Using QDs

surface by a collagenase-degradable peptide sequence (Figure 4.6b). When the
AuNP level was six per QD, a quenching efficiency of 71% was observed; however,
following incubation of the probe with collagenase (0.2mgml™) a 51% increase
in QD fluorescence was observed. A similar approach was developed using the
organic dark quencher QXL-520 [55], in which peptides with a hexahistidine tag
at the N-terminus were used for self-assembly on a dihydrolipoic acid (DHLA)
-coated CdSe/ZnS QD. In this way, a rigid helical region could also be incorporated
so as to separate the hexahistidine residues from the protease recognition and
cleavage sites. A C-terminal cysteine thiol was also incorporated for the quencher
attachment. In this case, the target enzymes were caspase-1, thrombin, colla-
genase, and chymotrypsin, while between eight and ten peptides were used per
QD in order to avoid any potential steric crowding. The proteolytic assays were
carried out with excesses of both enzyme and substrate, and not only allowed a
quantitative monitoring of protease activity but also provided an insight into the
mechanisms of enzymatic inhibition. Subsequently, when several inhibitory com-
pounds were tested against the QD-thrombin-specific peptide substrate in a phar-
maceutical screening assay, the K, values for collagenase, chymotrypsin and
thrombin were all in reasonable agreement with published values, but that for
caspase-1 was 50% lower than had been reported previously. Assays with protein
as the protease substrate were also developed [56], in which the proteolytic activity
of proteinase K and papain was monitored using QD—protein conjugates as sub-
strates. In this case, the digestion data were analyzed in such a way as to provide
estimated minimal values of enzymatic activity, and the reaction velocities of the
enzymes used. Mechanisms of enzymatic inhibition were also inferred from
assays performed in the presence of specific inhibitors.

In a ratiometric FRET protease probe, QDs were conjugated with a rhodamine-
labeled peptide [52] such that, in the resultant assembly, local excitation of the QDs
was followed by an efficient energy transfer to the adjacent rhodamine dye. As a
result, the corresponding emission spectrum showed one band at 545nm for the
QDs, and another at 590nm for the rhodamine acceptor (Figure 4.6c). The addi-
tion of collagenase resulted in enzymatic cleavage of the peptide linkage, with
separation of the energy donor and acceptor. In this way the energy transfer
process was effectively suppressed, as the luminescence intensity at 545 nm was
increased and that at 590nm decreased. Such a ratiometric probe would be supe-
rior to a simple intensity-based probe because it would eliminate any artifacts
caused by variations in the probe concentration.

Kim et al. recently reported a chip-based energy transfer system using a QD-
AuNP conjugate on a surface in order to detect the activity and inhibitory effects
of several proteases [matrix metalloproteinases (MMPs), thrombin, and caspase-3]
[51]. For this, a biotinylated peptide substrate for the protease was conjugated to
a monomaleimide-functionalized AuNP, and the resultant AuNPs (Pep-AuNPs)
were associated with streptavidin (SA)-bound QDs deposited on a glass slide to
form AuNPs-QDs conjugates, the photoluminescence of which was quenched.
The addition of a protease to cleave the peptide substrate on the AuNP-QD con-
jugates led to a regeneration of the photoluminescence emission of the QDs.
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for MMP-7, caspase-3, and thrombin were SA-QDs + Pep-AuNPs + thrombin. (f)
conjugated to the AuNPs, after which the QDs + Pep-AuNPs + mixture of the respective
resulting Pep-AuNPs were associated with protease and its inhibitor [51].

SA-QD525, SA-QD605, and SA-QD655,

Protease inhibitors also prevented any recovery of the photoluminescence of QDs
by inhibiting the protease activity. When three types of SA-QD (SA-QD525, SA-
QD605, and SA-QD655) were complexed with AuNPs presenting the correspond-
ing peptide substrates, and then spotted separately onto a glass slide, a specific
reaction of the protease induced a strong photoluminescence intensity from each
spot, at a specified wavelength (Figure 4.7). Any cross-reactional images of the
protease against other peptide substrates were found to be negligible, thus con-
firming the multiplexed feasibility of this assay system. This energy transfer-based
assay system offers certain advantages over conventional FRET-based approaches.
As the AuNPs can be employed as a common energy acceptor, a variety of QDs
with different colors could be used as the energy donor, thus enabling a multi-
plexed assay. Moreover, the high quenching efficiency of AuNPs would allow a
longer FRET distance between the donor and acceptor. Such a chip-based system
might also overcome some of the drawbacks resulting from a solution-based
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format, including the aggregation of nanoparticles, fluctuations in photolumines-
cence, and the consumption of large amounts of reagents.

This FRET-based multiplexed assay has also been applied to enzymes other than
proteases. For example, Suzuki et al. [57] recently reported the use of QD-based
nanoprobes to detect multiple cellular signaling events, including the activities of
protease (trypsin), deoxyribonuclease and DNA polymerase, as well as changes in
the pH. This system was designed based on a FRET with QD as donor and an
appended fluorophore as acceptor. Subsequently, both protease and deoxyribonu-
clease (DNase) induced changes in FRET efficiency between the donor (the QD)
and the acceptor [green fluorescent protein (GFP) or a fluorophore-modified,
double-stranded DNA (dsDNA)]. In contrast, DNA polymerase brought fluores-
cently labeled nucleotides to the surface of the QD, while pH-sensitive fluoro-
phores that conjugated on the QD surface produced pH-dependent changes in
FRET efficiency (Figure 4.8). Notably, this mixture of modified QDs showed dis-
tinct changes in emission peaks before and after enzyme treatment by simultane-
ous-wavelength excitation in the same tube.

4.2.3.2 BRET-Based Protease Detection with QDs as Acceptor

It appears that QDs cannot act as effective FRET acceptors when used with organic
fluorophore donors [53]. This failure to observe FRET is attributed to both the
efficient and unavoidable direct excitation of the QD acceptor, and the large dif-
ference in excited-state lifetimes between organic fluorophores and QDs. A direct
excitation of the QD acceptor results from a strong QD absorption at the wave-
length shorter than its emission wavelength. However, recent studies conducted
by the present authors have demonstrated the feasibility of using QDs as the
acceptor in a BRET system [54]. BRET is analogous to FRET, except that the energy
derives from a chemical reaction catalyzed by the donor enzyme (e.g., a Renilla
luciferase-mediated oxidation of its substrate, coelenterazine) rather than the
absorption of excitation photons. In this system, the QDs are linked covalently to
a bioluminescent protein, and act as the energy acceptor while the protein acts as
the donor. The protein emits blue light with a peak at 480nm upon addition of
the substrate, coelenterazine; then, if the QDs are in close proximity to the protein,
they may become excited and emit at the emission maximum. This QD-BRET-
based probe has been applied to the detection of MMP-2 activity [58]. For this, a
peptide sequence (GGPLGVRGGHHHHHH), which contains the MMP-2 sub-
strate (PLGVR) and a six-histidine tag, was genetically fused to the C terminus of
the BRET donor, a mutant of Renilla luciferase (Luc8). The QD-BRET system
was established by the simultaneous coordination of carboxyl groups on the QD
surface and the Luc8 His tag with Ni**. In the presence of Ni*, the carboxylic
acids on the QDs were bound to the metal ions to form complexes with the 6x
His tag on the Luc8 fusion protein, and the bioluminescence energy of Luc8 was
efficiently transferred to the QDs in the formed complexes. Upon cleavage of the
MMP-2 substrate sequence by MMP-2, the His tag was released from the fusion
Luc8 and the BRET signal decreased. In comparison to FRET-based QD sensors,
BRET-based QD biosensors offer several attractive features. Notably, the spectral
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variant with an inserted sequence recognized QD by extension with DNA polymerase [57].
by a protease (e.g., trypsin) to release GFP

separation between the BRET donor and acceptor emissions is large, which makes
it easy to detect both emissions for ratiometric measurements. In addition, the
sensitivity is high due to a low background emission. One drawback of this
approach, however, is that it cannot be used in complex biological media such as
serum, because of the nonspecific/instable nature of an electrostatic interaction.
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More recently, a QD-BRET nanosensor with a stable covalent linkage has been
developed that allows the detection of protease activity in mouse sera and tumor
lysates [59]. In this approach, the luciferase—protease substrate recombinant
protein was genetically modified with an additional intein segment. Inteins cata-
lyze the splicing reaction through the formation of an active thioester intermediate,
and have been widely applied to protein conjugation and immobilization. Initially,
the carboxylated QDs were functionalized with adipic dihydrazide (because
hydrazides are excellent nucleophiles to attack the thioester intermediate of
inteins). The reaction proceeded rapidly when the two components were mixed
together, and resulted in cleavage of the intein and ligation of the C terminus of the
recombinant protein to the QDs. Recently, this method has been applied success-
fully to the synthesis of a series of nanosensors for the sensitive detection of MMP-
2, MMP-7, and urokinase-type plasminogen activator (uPA) (Figure 4.9a). Most
importantly, the nanosensors were not only capable of detecting these proteases in
complex biological media (e.g., mouse serum and tumor lysates) with a sensitivity
down to 1ngml™, but could also detect multiple proteases present in one sample.

As a result of the wide absorption spectra of QDs, one bioluminescent
protein (such as Renilla luciferase) can efficiently excite multiple QDs with
different emissions [54], which in turn makes possible the multiplex detection of
biological analytes. By conjugating Renilla luciferase to different emission QDs
with the insertion of different protease substrates, it was possible to detect several
proteases simultaneously [59]. For this, QD705 was used to prepare the sensor
QD705-uPA-Luc8, and this was mixed with QD655-MMP-2-Luc8 for the simulta-
neous detection of MMP-2 and uPA. As shown in Figure 4.9b, both BRET emis-
sions from QD655 and QD705 were observed in the spectrum. When MMP-2 was
added to the mixture, only the BRET signals at 655nm decreased, but when uPA
was added there was a decrease in the BRET signals at 705nm. When both MMP-2
and uPA were present, the BRET emissions at 655 and 705 nm were each decreased.
Taken together, these results confirmed the ability of the QD-BRET detection
platform to assay multiple targets simultaneously.

Unlike fluorescence-based methods, which generally encounter high-back-
ground signals from interfering species present in biological samples, biolumi-
nescence-based detection provides great sensitivity due to its extremely low
background. In particular, the BRET ratio (i.e., the ratio of donor and acceptor
emissions) between the QD and the luciferase is modulated by the degree of pro-
tease activity, which makes it more reliable when compared to other assays. Most
importantly, the elimination of physical light excitation results in a high sensitivity
of the QD-BRET system; this allows it to function in complex biological media,
including serum and tumor samples, in a multiplexed manner.

4.2.4
Other In Vitro Multiplexed Detection Systems

The QD-based energy transfer system was implemented to detect small cationic
ions such as zinc and manganese [60]. Here, the surface of the CdSe/ZnS
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luciferase proteins (Luc8) that are linked to were incubated with MMP-2 (1ugml™, red);
the QD through an MMP peptide substrate uPA (10ugml™, black); MMP-2

and (B) intein-mediated site-specific (Tugml™) + uPA (10pugml™) (green); or no
conjugation of Luc8 fusion proteins to QDs;  enzyme (blue) at room temperature for 1h in
(b) Simultaneous detection of MMP-2 and 20mM Tris buffer (pH 7.5) [59].

core—shell QD nanoparticles was modified with the nonfluorogenic reagent zincon
(2-carboxyl-2-hydroxy-5-sulfoformazylbenzene), to develop new metal ion nano-
sensors with fluorescence detection. For this, the QD was first coated with nega-
tively charged 3-mercaptopropionic acid (MPA) and a positive polyelectrolyte, after
which poly(allylamine hydrochloride) (PAH*) was distributed on the QD-MPA,
using a layer-by-layer modification. Following the subsequent immobilization of
zincon (a chromogenic reagent used widely for metal ion determination) on the
positively charged QD-MPA-PAH*, quenching of the CdSe/ZnS QD nanoparticle
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luminescence was observed, as zincon could act as a charge carrier of electrons
on the QD surface. In the presence of Zn*, the fluorescence signal of the QD-
zincon was further reduced as a result of RET between the QD emission and
Zn?*-zincon absorbance. However, for the Mn?*-zincon complex there was no
overlap of QD emission and Mn**-zincon absorbance, and this resulted in a
“turning-on” of the emission of QD-zincon. When using these different reactions,
the QD-zincon conjugates showed very good linearity over the range of 10 to
1000mM and 5 to 500mM for the Zn** and Mn?* nanosensors, respectively.

The detection of protein glycosylation has been achieved with the energy transfer
between QDs and AuNPs on a chip surface [61]. The rationale of this is based on
the fact that energy transfer efficiency between lectin-modified QDs and carbohy-
drate-conjugated AuNPs can be modulated by a competitive inhibition of unknown
glycoproteins. The potential of multiplexed detection of glycoproteins with differ-
ent QDs has also been demonstrated in this study. Compared to other chip-based
carbohydrate detection systems employing single fluorophores, the QD/AuNP
system offered several advantages, including less photobleaching, a low back-
ground noise, and multiplexed analysis. The coupling of different QD nanoparti-
cles with lectins and carbohydrates would enable this system to be used in the
study of glycomics in a multiplexed manner.

4.3
Multiplexed Imaging Using QDs

4.3.1
Multiplexed Cellular Imaging

The application of QDs in cellular imaging has attracted much interest because
of their unique optical properties and the possibility of multicolor imaging. Indeed,
many reports have been made regarding the application of QDs for multiplexed
imaging in cells in vitro and in small animals in vivo, some examples of which are
detailed in the following sections.

Although QD labeling allows cells to be visualized under continuous illumina-
tion, and multiple targets to be monitored simultaneously [62-67], the major
challenge for live-cell imaging with QDs is how to deliver them to the target cells.
Normally, QDs can be taken up by cells in random fashion through endocytosis,
but they may also be delivered into cells by microinjection, electroporation, and
chemical-mediated transfection (e.g., lipofectamine) [68, 69]. Likewise, certain
peptide sequences, such as TAT or poly-arginine, can assist the conjugated QDs
in crossing the cell membrane. Moreover, the wide selection of excitation and
emission wavelengths makes QDs suitable for the simultaneous tracking of mul-
tiple proteins and live cells for long periods of time and, therefore, for monitoring
a range of biological processes in cells.

A simple method was reported for coding mammalian cells with multiple-
emission QDs [70], whereby nine arginine peptides were conjugated to streptavi-
din-coated QDs for cell penetration and delivery. Cell coding was achieved by
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Figure 4.10 Qualitative analysis of cell 654/24nm emission filter. The cells were
multicolor coding by fluorescence microscopy. labeled with (row 1) blank control, (row 2)
Images shown are: Column 1, differential sAv-565 QDs, (row 3) sAv-605 QDs, (row 4)
interference contrast (DIC); column 2, sAv-655 QDs, (row 5) sAv-565 and sAv-605
fluorescence with 565/20nm emission filter; ~ QDs, (row 6) sAv-565 and sAv-655 QDs, (row
column 3, fluorescence with 610/20nm 7) sAv-605 and sAv-655 QDs, (row 8) sAv-565,
emission filter; column 4, fluorescence with sAv-605, and sAv-655 QDs [70].

separately incubating cells with a combination of QDs such that, by varying the
colors and intensities, eight optical codes (three colors and two intensities) were
detected by appropriately chosen color channels by using flow cytometry or fluo-
rescence microscopy. Following cell uptake, the QD codes were read quantitatively
by measuring the fluorescence intensities in each of three appropriately chosen
detector color channels on a cell-to-cell basis, by flow cytometry (Figure 4.10). The
number of optical codes may be expanded by the use of additional spectrally sepa-
rated QDs, and by the use of more than two intensities.

By conjugating QDs that emit at different wavelengths with IgG and streptavi-
din, two cellular targets could be detected simultaneously in fixed cancer cells,
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Figure 411 Detection of nuclear antigens and 630-streptavidin (red). The microtubules were
double labeling. (a) Nuclear antigens in the labeled with mouse anti-o-tubulin antibody,
nuclei of human epithelial cells were labeled  anti-mouse IgG-biotin, and QD

with polyclonal anti-nuclear antigen antibodies 535-streptavidin (green); (d) Her2 on the

(ANA), anti-human IgG-biotin and QD surface of SK-BR-3 cells was stained green
630-streptavidin; (b) When normal human with mouse anti-Her2 antibody and QD

1gGs were used in place of ANA, no 535-1gG (green). Nuclear antigens were
detectable stain was observed; (c) The labeled with ANA, anti-human IgG-biotin and

nucleus of a 3T3 cell was stained with ANA, QD 630-streptavidin (red) [71].
anti-human 1gG-biotin, and QD

using one single excitation wavelength [71]. The double labeling of cytosolic
microtubules and nuclear antigens was carried out by the sequential incubation
of specific antibodies, biotinylated IgG and streptavidin-conjugated QDs (Figure
4.11). When examined by epifluorescence microscopy with a 460nm short-pass
excitation filter and a 500nm long-pass emission filter, both colors were clearly
visible and spectrally resolved to the eye: the nuclear antigens appeared to be
labeled with the red QD630-streptavidin, and the microtubules in the cytoplasm
with the green QD535-streptavidin (Figure 4.11c). The combination of QD535-
IgG and QD630-streptavidin was also used to detect, respectively, Her2 on the cell
surface and nuclear antigens in the nucleus of SK-BR-3 cells. Under fluorescence
microscopy, both QD630-labeled (red) nuclear antigens and QD535-labeled (green)
membrane-associated Her2 were visible simultaneously (Figure 4.11d). These
results showed that the QD—streptavidin conjugates were specific for their intended
targets, and that they could be used effectively in the two-color fluorescence labe-
ling of distinct cellular components.
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This multiplex cell labeling may also allow the identification of specific cancer
cells. For example, Prasad et al. conjugated targeting molecules such as transferrin
and folic acid with quantum rods (QRs; these are QD-like nanoparticles) with dif-
ferent emission wavelengths (610nm and 657nm) to successfully multiplexed
labeling human nasopharyngeal epidermal carcinoma cells [72]. The anti-Claudin
4- and anti-mesothelin-conjugated QRs were used as optical probes for the detec-
tion of pancreatic cancer [72], with the cells remaining stably labeled for over a
week as they grew and developed. These approaches should permit the simultane-
ous study of multiple cells over long periods of time as they proceed through
growth and development. The QD labeling of modified oligonucleotide probes
was also used for sensitive mRNA detection with a low tissue background.
Here, a QDs-based multiplex FISH technique proved to be ultrasensitive in the
simultaneous study of multiple mRNA in tissue cultures and histological
sections [73].

4.3.2
Multiplexed Imaging in Small Animals

Typically, the size of QDs has been suitable for lymphatic imaging following direct
interstitial injection, and indeed, the multiplex imaging of lymph nodes has been
demonstrated using QDs [74]. Figure 4.12 shows simultaneous multicolor in vivo
wavelength-resolved spectral fluorescence lymphangiography using five QDs with
similar physical sizes but different emission spectra. This allows the noninvasive
and simultaneous visualization of five separate lymphatic flows and drainages, and
may have implications for predicting the route of cancer metastasis into the lymph
nodes. The practical implication of this study is that it is possible to separately
study the drainage patterns and mixing of five adjacent lymphatic basins in vivo
using high-resolution imaging within the laboratory environment. At least poten-
tially, by using this method it may be possible to analyze five independent param-
eters in a single pass during an in vivo small animal image.

In order to track embryonic stem cells (ESC) in vivo, commercially available
Qtracker QDs were used to label ESC for noninvasive imaging in living mice [75].
The QDs were found not to affect the viability and proliferation of the ESC,
and had no profound effects on their differentiation capacity within the sensitivi-
ties of the screening assays used. Multiplex imaging in vivo, using the Maestro
system, showed that QD525-, QD565-, QD605-, QD655-, QD705-, and QD800-
labeled ESC could be detected in vivo using a single excitation wavelength (465 nm).
At 24h after labeling the ESC with QDs, 72% of them were positively stained,
but by day 4 this percentage had fallen to 4%. Such a dramatic decrease may
have been due either to the rapid division of ESC (doubling time 12-15h), or
to the QDs diffusing out of the dividing cells over time, causing a dilution of the
QD signal.

Since BRET-based in vivo imaging does not require an external excitation light
source, the issue of autofluorescence, which significantly reduces the signal-to-
noise ratios (SNR) in fluorescence-based in vivo imaging, is not of concern with



Neck LNs

Lat.Thoracic
LNs

White + 5 colors

In vivo imaging

MNeck LNs

thoracic LNs"~."

Axillary LMNs

i
L ]

Qdot 655 (yellow)

Figure 4.12 In vivo five-color lymphatic
drainage imaging was able to visualize five
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Schema

5 (yellow)

Ex vivo imaging

a -

bilateral ears, and at the median chin, as
shown in the schema. Five primary draining
lymph nodes were simultaneously visualized
with different colors through the skin in the

in vivo image and are more clearly seen in the
image taken at the surgery; (b) Ex vivo spectral
fluorescence imaging of the eight draining
lymph nodes after surgical resection [74].

QD-BRET probes. However, light scattering by tissues and absorption by hemo-
globin still exist, and may significantly affect short-wavelength (<600nm) emis-
sions [76]. BRET configurations with QDs as acceptors have the potential to
overcome this obstacle, due to the significantly longer wavelengths of emission.
In the case of QDs that emit at wavelengths longer than 600nm, it has been
shown that the absorbance of whole blood does not significantly affect BRET
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Figure 4.13 In vivo imaging applications with  (d) Bioluminescence emission spectra of
QD-BRET. (a) Bioluminescence emission four QD-BRET conjugates (QD605-Luc8,
spectrum of the QD-BRET conjugate QD655-Luc8, QD705-Luc8, and QD800-Luc8);
(QD655-Luc8) in the mouse serum and whole (e) Multiplexed imaging of two groups of C6
blood; (b) Bioluminescence imaging of a live  glioma cells labeled by QD655-Luc8 conjugate

mouse injected with QD655-Luc8 and injected via tail vein, or labeled by
subcutaneously (top) and intramuscularly QD800-Luc8 conjugate and injected
(bottom) with an emission filter (650— intramuscularly; the left image was collected
660nm); (c) Imaging C6 glioma cells labeled  without any filter, the middle image with a
with the QD-BRET conjugate in vitro and 575-650nm filter, and the right image with a
injected into a living mouse via tail vein, 760-790 nm filter [77].

acquired with a filter (575-650nm);

emission from QDs [54]. In contrast, the emission of donor bioluminescent pro-
teins was almost eliminated by the absorption of their short wavelength emission
due to hemoglobin (Figure 4.13a) [54]. The in vivo detection of QD-BRET signals
has been demonstrated with conjugates at superficial sites and at deep tissue loca-
tions. By using a conjugate prepared by the direct coupling of QD655 with Luc8,
it was shown that the BRET emission from QD655 could be detected from conju-
gates at both subcutaneous and intramuscular sites (Figure 4.13b). When C6
glioma cells were labeled by the QD-BRET conjugates and injected through the
tail vein into a nude mouse, their trafficking into the lungs was readily imaged by
using BRET emission from the QDs (Figure 4.13c). These successful examples
highlight the advantage of QDs as BRET acceptors, due largely to the longer wave-
lengths of QD emission.

The features of broad excitation spectra and size-tunable emission of QDs
enable the creation of many possible BRET pairs. For example, the same biolumi-
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nescent protein Luc8 can pair with QD605, QD655, QD705, and QD800 for mul-
tiplexed BRET imaging (Figure 4.13d). Each of these has displayed efficient BRET
upon conjugation, and all can be imaged in vivo upon injection. When two groups
of cells were labeled with different QD-BRET conjugates (e.g., QD655 and QD800)
and introduced into the same mouse, both could be imaged and differentiated
from their QD-BRET emission (Figure 4.13e). With the capability of tuning the
emission of QDs by controlling their size and composition, additional BRET pairs
may become available that would allow more interactions and events to be imaged
simultaneously in the same animal.

4.4
Summary

Quantum dots as a novel fluorescent probes have, since their invention, proved to
be tremendously useful in many areas of biological and medical research. In this
chapter, attention has been focused on their applications for multiplexed detection,
tissue/cell labeling, and imaging in cells and in small animals. Due to the gener-
ally wide absorption spectra of QDs, and their narrow emission spectra, QDs of
different sizes and with different emission spectra can be excited at one single
wavelength so as to emit at their individual emission wavelengths. This interesting
property renders QDs as an excellent probe for a multiplexed assay, and this
feature has been used to best advantage in many bioanalytical assays, ranging from
DNA detection, immunoblotting for protein detection, detection of enzymatic
activity, and small molecule analytes such as metal ions, pH value, to live-cell
labeling, cancer cell detection, and in vivo cell trafficking and detection. Adapting
these multiplexed assays with the platform of microfluidics and microarrays will
further enhance their utilities. The further development of QDs for multiplexed
detection and imaging will benefit from the more robust and more specific con-
jugation chemistries of biomolecules to QDs, and additional choices of QDs with
a wide range of emission wavelengths and even more narrow emission peaks. Yet,
for in vivo multiplexed imaging applications, the issues of potential cytotoxicity
and unfavorable pharmacokinetics with current QDs [78-80] must first be
addressed before they can be fully exploited in this arena and applied to human
subjects.
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Medical Diagnostics of Quantum Dot-Based Protein
Micro- and Nanoarrays

Anisha Gokarna and Yong-Hoon Cho

5.1
Introduction

Microarray technology, which today is a well-known technique, has proven to
be a powerful tool for the rapid, simultaneous detection and high-throughput
analysis of large number of biological samples. This technology also incorporates
a high level of sensitivity and precision. The term “microarray” is often used
interchangeably with the term “biochip” or, more specifically, DNA microarrays
with DNA chip, protein microarrays with protein chip, and so on. Microarrays
are comprised of a micropatterned array of biosensing capture agents for the
rapid and simultaneous probing of a large number of DNA, proteins, cells, or
tissue fragments.

The benefits of using microarrays relate to the miniaturization of the arrays,
followed by a multiplexing of protein interactions which, together, form a very
attractive feature of microarray-based diagnostics. Moreover, in both microarrays
and nanoarrays, the reagent consumption is several orders of magnitude less than
that of microplate assays, both in terms of the amount of deposited probes and
the sample per probe volume. Another advantage is that many microarray formats
function equally well for different types of molecule, including nucleic acids,
proteins, or small molecules.

Since many previous reports have contributed to the development of microarray
technology, this chapter will include only the latest, multifaceted aspects such
as the fabrication of micro- and nanoarrays of proteins, and their optical
readout by using nanotechnology-based colloidal quantum dots (QDs) as labels.
The chapter provides a comprehensive “snapshot” of the current state of
clinical proteomics, from the vantage points of antibody and protein micro-
and nanoarray technologies, and the labeling techniques used therein for their
optical readout.

The chapter first provides an introduction to the foundation of protein microar-
rays, from its invention in 1961 to the compact protein arrays available today. A
comparative view is provided of the traditional methods used to label protein
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arrays (using organic dyes) for optical readout, and of the latest techniques, using
inorganic colloidal QDs. The various types of existing protein microarray, and
differences in their fabrication, functioning, and applications, are then described.
The next section introduces nanoarrays, the different methods available for immo-
bilizing proteins at the nanoscale, and draws attention to the key issues of nanoar-
rays, notably that of “multiplexing.” Subsequent sections describe the surface
functionalization of QDs, in order to attach them to proteins or other biomole-
cules, and the potential problems that may arise during such conjugation. Details
are then provided of the experimental aspects of protein microarrays or nanoarray
fabrication with QDs as labels, and of the clinical applications of QD-conjugated
protein microarrays, an example being their use as biomarkers in the detection of
cancer. This section incorporates the detection of protein-protein interactions in
cancer biomarkers, the non-specific binding effects that can occur in QDs-conju-
gated protein arrays due to the presence of QDs, and multiplexing in protein arrays
using QDs. A comparison between organic dye-labeled protein microarrays and
colloidal QD-labeled microarrays is also provided, noting in particular those issues
relating to photostability and sensitivity. Finally, a discussion is provided of the
fabrication and readout of various types of protein nanoarrays, ranging from
organic dye-labeled protein nanoarrays to QDs-labeled protein arrays. Protein
nanoarrays fabricated using parallel scanning probe microscopy (SPM), and
rewritable/erasable chips fabricated using nanolithographic techniques, are also
discussed. The chapter concludes with an outline of the future prospects for
QDs-labeled protein arrays.

5.1.1
Invention of Protein Microarrays

The invention of the antibody microarray technique dates back to 1961, when
Joseph G. Feinberg, working at the Beecham Research Laboratories (Betchworth,
Surrey, UK), prepared a thin agar film on a glass coverslip. The agar had been
impregnated with serum from a patient with autoimmune thyroid disease.
However, when 1ul samples of thyroglobulin antigen were spotted onto the agar
surface, a series of micro immunoprecipitation reactions, made visible by staining
with Ponceau S, was seen to develop. Ponceau S is the sodium salt of a diazo dye
that can be used as a stain for the rapid reversible detection of protein bands on
nitrocellulose or polyvinylidene difluoride (PVDF) membranes (Western blotting),
as well as on cellulose acetate membranes. A Ponceau S stain is easily reversed
with water washes, and this facilitates subsequent immunological detection. As
these findings signaled an interaction between thyroglobulin and the anti-thy-
roglobulin antibody in the patient’s serum, thus was born Feinberg’s microspot
test for antigens and antibodies [1].

Some 30 years later, Ekins and Chu [2] and Ekins et al. [3] further developed this
system into a true array of spotted antibodies, and rhetorically called it the equiva-
lent of a “CD (compact disc) for clinical chemistry”. The present operational
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Figure 5.1 Protein—protein interaction occurring in a protein
biochip and its optical readout using Cy5 organic dye as a
label. Reproduced with permission from http://eye-research.
org/joomla/images/stories/microarrayworkflow8.]PG)
permission to be obtained!

version of a high-density protein or antibody microarray on a glass slide was finally
brought to physical reality by MacBeath and Schreiber [4] and Zhu et al. [5]. Only
very recently has Ekins and Chu’s original rhetorical vision of a CD for an antibody
microarray platform actually become a physical reality. The BioCD® from Quad-
raspec [6] is a spinning disk, label-free platform based on a self-referencing inter-
ferometric optical biosensor. On a similar basis, Gyros AB [7] have developed a
CD-shaped microfluidics device in which samples are driven through the system
by centrifugal force.

A general scheme of a protein microarray experiment is shown in Figure 5.1.
In this set-up, a large set of capture proteins or antigens is arrayed on a suitable
solid substrate and, after washing and blocking the unreacted sites, the array is
probed with a sample containing the counterparts of the molecular recognition
events under study. These counterparts are sometimes labeled by fluorescent
molecules, such as organic dyes or colloidal QDs. If an interaction occurs, a signal
is detected by using a variety of detection techniques (e.g., a microarray chip
scanner or a confocal microscope).

The DNA microarray (also termed “DNA chips” or “gene chips”) technology is
quite similar to the protein microarray technology, the only difference being
that DNAs are used in these types of microarrays in place of proteins. DNA
spots ranging from 5 to 150um in size, with picomolar amounts of a specific
DNA sequence, are fabricated on a solid support consisting of single-stranded
DNA (ssDNA) with 20 to 1000 or even more number of bases attached.
These spotted arrays help in the identification of DNA sequences of a gene
present in a sample. For this purpose, fluorescently labeled mRNA or cDNA
are hybridized with the immobilized DNA fragments present in the microarray
spots.
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5.1.2
Optical Readout of Protein Arrays: Traditional versus New Labels

Traditionally, during the fabrication of biochips, organic fluorophores (either
genetically encoded fluorescent proteins or chemically synthesized fluorescent
dyes) are used as labels. These act as fluorescent markers during the process of
optical imaging of these biological entities. However, such fluorophores are highly
sensitive to the environment and produce a low quantum yield in aqueous environ-
ments. Moreover, they exhibit narrow absorption spectra and broad emission
spectra, such that each fluorophore can be excited by light of only a specific wave-
length. Their broad emission spectrum often causes the signals from different
fluorophores to overlap, and consequently appropriate cut-off filters must often be
utilized for removal of the spectral “crosstalk” phenomena. These are some of the
limitations displayed by organic dyes. The most suitable label appropriate for
optical imaging of biomolecules is one which is:

* conveniently excitable, without simultaneous excitation of the biological matrix,
and detectable with conventional instrumentation;

e bright—that is, it possesses a high molar absorption coefficient at the excitation
wavelength and a high fluorescence quantum yield;

e soluble in relevant buffers, cell culture media or body fluids;

o sufficiently stable under relevant conditions;

« has functional groups for site-specific labeling;

e has reported data regarding its photophysics; and

e is available in a reproducible quality.

Inorganic fluorophores termed as QDs display most of the above-mentioned
characteristics; in fact, QDs gained their name from the well-known quantum
confinement effect.

Today, QDs are among the most promising items in the “nanomedicine toolbox,”
with such nanocrystal fluorophores having several potential medical applications
including nanodiagnostics, imaging, targeted drug delivery, and photodynamic
therapy. QDs are basically semiconductor nanocrystals composed of a core of a
semiconductor material with a smaller bandgap material, enclosed within a shell
of another semiconductor that has a larger spectral band gap (see Figure 5.2) [8-
12]. They were initially prepared in 1982 for use as probes to investigate surface
kinetics, when it was found that the quantum yield of nanocrystals was sensitive
to the concentration of surface-adsorbed species that could undergo reduction [13].
Since the number of “dangling bonds” at the core particle surface determines the
fluorescence quantum yields, decay kinetics and stability, then inorganic passiva-
tion layers and/or organic capping ligands may be bound to the particle surface
so as to optimize these features. Addition of the passivation shell often results in
a slight red shift in absorption and emission as compared to the core QD, because
of the tunneling of charge carriers into the shell. The core of the QDs are usually
composed of elements from Groups II and VI (e.g., CdSe, the most common) or
Groups IIT and V (e.g., InP) of the Periodic Table, whereas the shell is typically a
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\surface Figure 5.2 Schematic of a colloidal QD with core, shell and
functionalization surface functionalization.

high-bandgap material such as ZnS [14]. A typical QD has a diameter of about
2-10nm, and this can allow one-on-one interaction with biomolecules such as
proteins, where the typical size ranges from 1 to 20nm [9, 15]. Today, commercial
materials composed of CdSe (from Sigma-Aldrich, Invitrogen, Evident, and Plas-
machem), CdTe (from Plasmachem) and InP or InGaP (from Evident) are avail-
able. Thus, typical QDs are either core-shell (e.g., a CdSe core with a ZnS shell)
or core-only (e.g., CdTe) structures functionalized with different coatings.

Notably, QDs are inorganic fluorophores that have a size-tunable emission, a
strong light absorbance, bright fluorescence, narrow symmetric emission bands,
no photobleaching, and a high photostability (the high photostability of QDs rela-
tive to dyes allows the real-time monitoring or tracking of intracellular processes
over long periods of time varying from minutes to hours). The fluorescence
quantum yields of properly surface-passivated QDs are in most cases high in the
visible light range (400-700nm): 0.65-0.85 for CdSe [16, 17], <0.6 for CdS [18] and
0.1-0.4 for InP [19, 20]; and high for the visible-near infrared (NIR) wavelength
(2700nm) emitters CdTe and CdHgTe (0.3-0.75) [21, 22], as well as for the NIR
wavelength (2800nm) emitters PbS (0.3-0.7) [23, 24] and PbSe (0.1-0.8) [25, 26].
In contrast, organic dyes have fluorescence quantum yields that are high in the
visible light range, but moderate in the NIR wavelength range [27, 28]. Typical
molar absorption coefficients are 100000 to 1000000M ' cm™ [29, 30], whereas
for dyes the molar absorption coefficients at the main (long-wavelength) absorp-
tion maximum range from 25000 to 250000M'cm™ [31-36]. QDs retain an
excellent stability of their optical properties upon conjugation to biomolecules, and
can be simultaneously excited by a single light source, as their broad absorption
allows free selection of the excitation wavelength and thus a straightforward sepa-
ration of excitation and emission [10, 14, 37]. Due to their single excitation wave-
length, several biomarkers can be probed simultaneously, thereby opening up
several multiplexing potentials, including the high-throughput screening of bio-
logical samples [38]. This multiplexing potential would be particularly significant
for cancer diagnostics and research, where multiple cancer biomarkers can be
simultaneously detected, which would in turn help to untangle the associated
complex gene expression patterns.

Quantum dots exhibit an electronic structure that is intermediate between bands
and bonds, and results in a direct correlation between size and band gap energy
(emitted wavelength). Notably, as the size of the QD is decreased, then the band
gap energy will be increased —a property which enables QDs to be designed to emit
at a wavelength of interest. The absorption and emission spectra for CdSe colloidal
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Figure 5.3 Absorption (solid lines) and emission spectra

(lines with symbol) of colloidal QDs (CdSe) dispersed in

chloroform. Reproduced with permission from Nann, T.

(2008) Quantum dots versus organic dyes as fluorescent
labels. Nature Methods, 5, 763-775.

Table 5.1 Comparison between the variations in the physical properties displayed by colloidal
QDs and organic dyes (in this case fluorescein is considered).

Physical properties QDs Organic dyes Reference(s)
Excitation Very broad range  Narrow excitation spectra  [39, 40]
Emission bandwidth 20-40nm 50-100nm [39, 40
Fluorescence lifetime 10-40ns Few nanoseconds [14]
Photostability (upon Stable for over Fluorescein [14, 41]
constant illumination with ~ 14h photobleaches completely

a 50mW, 488nm laser) in less than 20 min

Molar extinction ~10°-10°M"em™  10- to 100-fold smaller [13]
coefficient (for CdSe QDs) than that of CdSe QDs

Reproduced with permission from Hassan M.E. Azzazy; From diagnostics to therapy.

QDs of varying size are shown in Figure 5.3. The narrow emission spectrum
without the long tail at red wavelengths which is characteristic of dyes reduces or
eliminates spectral cross-talk in detection. Moreover, the large Stokes’ shift enables
fluorescence signals from the QDs to be easily separated out from the excitation
wavelength of the light which is scattered. The other attractive quality of QDs is that
their lifetime of emission is longer (hundreds of nanoseconds) compared to that of
organic fluorophores. This allows the use of time-gated detection to suppress any
autofluorescence, which has a considerably shorter lifetime. The distinct variations
in the physical properties of colloidal QDs and organic dyes are listed in Table 5.1.



5.2
Protein Arrays

5.2.1
The Various Types of Protein Array

5.2 Protein Arrays

In order to analyze protein interactions with other molecules, protein microarrays
require various types of molecule to be immobilized on their slide surface, to
serve as “capture molecules” in the protein microarray assay. Consequently,
protein microarrays can be classified into various formats, namely function
protein microarrays, detection microarrays, and reverse-phase protein microarrays

(RPPMs):

e Detection (analytical) microarrays: In protein detection microarrays, the anti-
gens or antibodies, rather than the native proteins themselves, are usually
immobilized on a solid support and are further used for the determination of
protein abundances in a complex matrix, such as serum (Figure 5.4). Analytical
microarrays can also be used for several purposes, for example to assay antibod-
ies or autoimmune diseases, or to monitor protein expression on a large scale.

(b)
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Figure 5.4 (a) An analytical protein microarray
depicting different types of ligands, including
antibodies, antigens, DNA or RNA aptamers,
carbohydrates or small molecules, which are
arrayed onto a derivatized surface. These
chips are commonly used for monitoring
protein expression level, protein profiling and
clinical diagnostics; (b) Schematic of a
functional protein microarray showing

different types of proteins or peptides which,
after being purified, are arrayed onto a
suitable surface to form the functional protein
microarrays. These types of biochip play an
important role in drug and drug-target
identification, and also in building biological
networks. Reproduced with permission from
Eric Phizicky (2003), Nature, 422, 208.
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Figure 5.5 Schematic depicting a reverse-phase protein
microarray (RPPM) printed on a glass slide. Reproduced with
permission from Array IT International Co.

 Functional protein microarrays: These types of microarray consist of purified
recombinant proteins or peptides, although even an entire proteome may be
spotted and immobilized. Functional chips are used to discover additional
information and properties concerning a particular protein. These properties
include binding strength, biochemical functions and protein—protein
interactions. The array is utilized for the parallel screening of a range of
biochemical interactions. Various types of study can be conducted with these
types of microarray, namely the effect of substrates or inhibitors on enzyme
activities, protein—drug or hormone effector interactions, as well as epitope
mapping studies.

e RPPMs: In this third category of protein arrays, tissues, cell lysates or serum
samples may be spotted on the array surface and probed with one antibody per
analyte for a multiplex readout. A typical RPPM is depicted schematically in
Figure 5.5. RPPMs are related to analytical or detection microarrays, and are
used to identify different levels of expression of the proteins present. RPPMs
allow the protein to be immobilized in order to be analyzed, instead of the typical
protein microarrays which immobilize the antibody probe. It was for this reason
that this type of microarray was named “reverse phase.” The main advantages
of RPPMs over the other types include an ability to run different test samples
in each individual array spot, and to require only a single antibody to probe an
entire array slide.

5.2.2
Methods of Optical Detection in Protein Arrays Using Labeled Probes

These methods are distinguished as three types:
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(b)

Figure 5.6 Schematics explaining: (a) the direct method of
labeling; (b) the indirect method of labeling; and (c) the
sandwich method of labeling for detection of protein—protein
interaction.

a) Direct method: In this method, a mixture of different types of proteins is
immobilized on a substrate, and thereafter detection is performed using labeled
binding molecules such as antibodies. This type of an array is composed of
several sera or cellular lysates from different patients, and contains a complex
mixture of proteins. The array is first incubated with one detection protein
(typically an antibody) which is labeled for optical readout of the interaction,
if any. Direct labeling is mainly performed in two ways: (i) by a radioactive
technique, wherein ' or *H is used; or (ii) by using organic dyes such as
Cyanine and Alexa. Recently, fluorescent dyes have become the method of
choice for the labeling and detection of molecules in the microarray format
(Figure 5.6a).

b) Indirect method: This method is employed when immobilized antibodies
are used as capture ligands and probed by labeled proteins. In this approach,
a known capture ligand is immobilized on the surface and probed by a
labeled complex mixture of proteins. The test sample may be a cellular
lysate or a serum in which multiple analytes are measured simultaneously

(Figure 5.6b).

-

¢) Sandwich method: In this method, the initially immobilized antibody func-
tions as a capture agent for the assayed protein, which is revealed by a recogni-
tion with a secondary labeled antibody (Figure 5.6¢).
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5.3
From Microarrays to Nanoarrays: Why Nanoarrays?

The concept of protein or DNA microarrays is based on the arraying of small
amounts of individual proteins, wherein the individual spot size is almost 100—
300 um in size. These microarrays contain protein numbers that vary from a few
to a thousand (these are termed “low-to-medium density” microarrays) or slightly
larger arrays composed of 10000 proteins (“low-to-high density” microarrays)
which have also been fabricated. However, if a complex proteome such as a cell
or a tissue lysate consisting of >100000 proteins must be detected, then mega
dense arrays must be fabricated, and herein lies the role of nanotechnology. Today,
nanotechnology-based approaches can be employed for the fabrication of high-
density arrays to generate nanosized features (nanometer range) in miniaturized
arrays. The key challenge in protein nanoarrays lies in the fabrication and func-
tionalization of these high-density arrays in an efficient manner.

“The ability to make protein nanoarrays on a surface with
well-defined feature size, shape, and spacing should
increase the capabilities of researchers studying the
fundamental interactions between biological structures
(cells, complementary proteins, and viruses) and surfaces
patterned with proteins.”

Chad A. Mirkin, Northwestern University in Evanston,
Mlinois, in Science Express.

In comparison to microarrays, nanoatrays can hold 10*~10° more features than
conventional microarrays and, as a result, the multiplexed and rapid screening of
a large number of targets is possible within an individual experiment. Moreover,
the total area occupied by a fixed number of targets can be dramatically reduced.
Hence, the sample volumes required are very low and a smaller number of target
molecules for a given analyte concentration can be detected. This can lead to sig-
nificantly lower limits of detection (orders of magnitude) than could otherwise be
achieved with microarray technology. Finally, nanoarrays can be used to address
important fundamental questions pertaining to biomolecular recognition, since
biorecognition is inherently a nanoscopic rather than a microscopic or macro-
scopic phenomenon.

A variety of techniques is available for the immobilization of proteins at the
nanoscale. Some of the most widely used methods include soft-lithographic
approaches, microcontact printing, nanoimprint lithography, electron beam
lithography, focused ion-beam lithography, and dip-pen nanolithography (DPN).
With the help of these techniques, patterns of different shapes and sizes can be
suitably generated. Moreover, a variety of biological molecules, including DNA [42,
43], peptides [44—46], proteins [47-50], viruses [51-53] and bacteria [54], have been
patterned by using either a direct-write or an indirect absorption approach. Yet,
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Figure 5.7 Dip-pen nanolithography technique conducted by
using an atomic force microscope (AFM) tip.

there remain some persistent key issues which need to be resolved. Initially, all
of the features in a nanoarray were functionalized with the same type of a probe,
but in the case of protein arrays where the multiplexing of proteins is necessary,
each feature must be individually addressed or functionalized with a different type
of probe. This has proved to be a daunting task in the case of nanoarrays, and is
one of the main problems that require attention, other than equally important
issues such as the time required for printing and compatibility with the printing
reagents. In this chapter, attention will be mainly focused on nanoarrays fabricated
using the DPN technique, a schematic of which is shown in Figure 5.7. Some of
the more important requisites for generating multicomponent system-based
nanoarrays include new surface analytical tools, and the development of a com-
plementary chemistry for the direct placement of different protein structures of
interest onto a surface with nanoscale resolution, without destroying their biologi-
cal activity.

5.4
Functionalization of QDs for Attachment to Proteins or Other Biomolecules

Quantum dots synthesized by traditional chemical methods are nonpolar and
insoluble in aqueous solvents and, therefore, are not compatible with biological
systems [55-60]. They are hydrophobic after synthesis because of the coordinating
agent. Typically, QDs are synthesized in the presence of hydrophobic inorganic
surfactants, such as trioctylphosphine oxide (TOPO). Here, the phosphine oxide
functionality chelates the QD surface, while the long alkyl chains allow for solubil-
ity in nonpolar solvents such as hexane and toluene. Hence, a polar QD surface
must be created before QDs can be used in biology.

For QD biofunctionalization, the QDs are first rendered water-dispersible,
and are then bound to biomolecules (Figure 5.8). The binding can be achieved
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Figure 5.8 Overview of strategies to prepare  stabilization (middle) and steric stabilization
water-dispersible QDs and QD bioconjugates. of colloid (right); (c) Coupling of water-

(a) QDs bearing hydrophobic ligands after dispersible QDs to biomolecules;
preparation in organic solvent. HDA, oligonucleotides are shown here as an
hexadecylamine; TOPO, example; (d) Alternatively, the QDs bearing
trioctylphosphineoxide; (b) Ligand-exchange  hydrophobic ligands can be subjected to
strategies to generate water-dispersible QDs.  direct ligand exchange. Reproduced with
Illustrated are electrostatic colloidal permission from Nature Methods (2008), 5
stabilization (left), electrostatic and steric (9), 769.
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Figure 5.9 QDs coated with amphiphilic diblock copolymers
for the fabrication of biocompatible QDs.

electrostatically, via biotin—avidin interactions, by covalent crosslinking (e.g., via
carbodiimide-activated coupling between amine and carboxylic groups, maleinim-
ide-catalyzed coupling between amine and sulthydryl groups, and between alde-
hyde and hydrazide functions), or by binding to polyhistidine tags [61-64].
Alternatively, ligands present during the synthesis can be exchanged for biomol-
ecules containing active groups on the surface [65]. Such ligands function very
well for labeling oligonucleotides such that, during the past few years, amphiphilic
di- and tri-block copolymers, typically containing polyacrylic acids, have also been
developed for encapsulating QDs via spontaneous self-assembly [66].

In most designs of the amphiphilic polymers, a fraction of the carboxylic acid
functionalities in the polyacrylic acid is coupled to hydrophobic alkyl chains, which
stabilize the TOPO-capped QDs (Figure 5.9). The remaining carboxylic acids in
the polymer provide solubility in water, and can be utilized as “chemical handles”
for conjugation to primary amines in proteins through water-soluble crosslinking
reagents such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC).
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Figure 5.10 Maleimide-functionalized QDs for conjugating
thiol-containing ligands. TOPO-stabilized QDs are coated with
a primary amine functionalized triblock amphiphilic
copolymer for producing water-soluble QDs, which facilitate
further conjugation to ligands with free thiols through
bifunctional crosslinkers.

Recently, free primary amines have been incorporated in an amphiphilic
polymer for QD coating that can be further modified with standard N-hydroxyl-
succinimyl ester-maleimide containing bifunctional crosslinkers. These maleim-
ide-functionalized QDs can be conjugated to any macromolecule selectively
through engineered cysteines or thiols on the target ligands (Figure 5.10) [67].
Currently, only a few standard protocols for labeling biomolecules with QDs are
available, and the choice of suitable coupling chemistries depends on surface
functionalization. It is difficult to define general principles here, because the QD
surfaces are unique to a large extent, depending on the preparation procedure.
Consequently, research groups using commercially available QDs must obtain
sufficient knowledge of the surface functionalization of QDs before they can be
used as biolabels.

The labeling of biomolecules such as peptides, proteins or oligonucleotides with
a fluorophore, requires suitable functional groups for covalent binding or for the
noncovalent attachment of fluorophores. The advantage of organic dyes is that the
small size of such labels minimizes the possible steric hindrance, which may
interfere with the functioning of the biomolecules. Organic dyes can be easily
conjugated to biomolecules, as many established labeling protocols are available
commercially. Although several fluorophores can be attached simultaneously to a
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Figure 5.11 Schematics of a QD-antibody conjugate and a
dye-labeled antibody, reflecting the proportions of the
components. Reproduced with permission from Nature
Methods (2008), 5 (9), 769.

single biomolecule so as to maximize the fluorescence signal, site-specificity may
at the same time be a problem in the case of organic dyes. In particular, the higher
density of the dye molecules can lead to fluorescence quenching, depending
on the structure of the dye molecules, their charges, and their hydrophilicity
[27, 34, 35).

Although, in contrast, there is a clear lack of well-defined methods for labeling
biomolecules with QDs, some of the challenges encountered with organic dye
biofunctionalization also apply to QDs, the main difference being that QDs do not
exhibit fluorescence quenching as do high-density organic dyes. Notably, QDs may
form aggregates when the surface chemistry is not perfectly optimized, and it may
also be difficult to control the orientation of the biomolecules when several bio-
molecules are conjugated to a single QD [68] (see Figure 5.11b). This may have
an adverse effect not only on the function of the biomolecule but also on the col-
loidal stability of the QD.

In general, CdSe/ZnS (core-shell) QDs are used for the labeling of protein
microarrays, as their dangling bonds may be passivated by capping agents. QDs,
after suitable surface functionalization, can be directly conjugated to the antibodies
specific to the selected markers. Alternatively, streptavidin-coated QDs may be
conjugated to the biotinylated detector antibodies.

5.5
Fabrication of Protein Biochips

5.5.1
Printing of QDs-Conjugated Protein Microarray Biochips

One method of fabricating QDs-labeled protein microarray samples is shown
schematically in Figure 5.12. In this case, a suitably functionalized glass slide (e.g.,
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Figure 5.12 Schematic diagram depicting the fabrication
process of QD-conjugated cancer protein microarrays and
their readout.

aldehyde-or amine nitrocellulose-coated) [69]) can serve as a substrate for the
microarray fabrication process.

In this procedure, spots of protein antigens are first arrayed onto the functional-
ized glass substrate after having diluted them with phosphate-buffered saline
(PBS) containing glycerol. A high-precision contact printing-type robotic microar-
rayer is used for the microarray spotting process, with stealth pins of different
sizes being used to fabricate the microarrays. The spotting process is followed by
incubation of the patterned samples for an appropriate time period, at room tem-
perature, inside a humid chamber, after which the samples are rinsed with deion-
ized water, and finally dried with a stream of nitrogen gas. The incubation period
allows coupling between the antigens and the functionalized groups present on
the substrate surface. In order to block any residual free functional groups present
on the antigen-patterned substrate, Gokarna et al. [70] used a solution of bovine
serum albumin (BSA) in PBS, this being spread over the patterned area. The
blocking step was followed by incubation of the samples at room temperature for
an appropriate time, after which they were re-washed with PBS or deionized water
and dried with nitrogen gas. When conducting protein—protein interactions, either
the QDs-conjugated antibodies can be re-spotted over the initial arrayed area,
using a microarrayer, or the QDs-antibodies solution can be spread over the
antigen-patterned area and allowed to incubate. The incubation is followed by re-
washing with PBS or PBS-Tween 20 (PBST) and deionized water, and final drying
with nitrogen gas.

5.5.2
Nanoarray Protein Chips Using QDs

The nanoarray design must allow an efficient fabrication of high-density nanoscale
arrays compatible with sensitive read-out systems. Wingren et al. [71] reported that



Table 5.2 An overview of currently available types of protein nanoarray design.

5.5 Fabrication of Protein Biochips

Design Features (features size/array densities/ Reference(s)
features proof-of-concept applications)
Planar arrays From 10 to 350nm features, up to ® 2 um-sized dots [72-77]
1 x 10*dotsmm™ to 1 x 10°spotsmm™
Detection of antigen (antibody arrays)
Well-based 6 to 8nl reaction volumes [78]
arrays 25-well array; enzymatic assays
Nanovial 100nl reaction volumes, 12 x 8 nanovial array [79]
arrays Enzymatic assays
Attovial arrays 6 (® 200nm) to 4000al (@ 5pum) -sized vials [72, 80]
225 vials mm™
Tentative densities of 90000 to 225000 vials mm™
Detection of antigen (antibody arrays)
Nanowire nm scale [81-85]
arrays Single biosensors to 200 individually addressable devices
per array
Antigen (e.g., cancer biomarker or pathogen) detection
(antibody arrays)
Random arrays nm scale [86]
Antigen detection (antibody arrays)
Bead arrays 900nm-sized features (using 1mm beads) (dependent on [87]
the size of bead applied)
Enzymatic assay
Nanoparticle 100 nm-sized features [88]
arrays 300 spots per sensing surface
Antigen detection (antibody arrays)
Cantilever 500pum long and 100 um wide (common size of a single [89-98]
arrays cantilever). Mainly eight cantilever silicon arrays

Antigen detection (e.g., proteins or pathogens). Detection of

specific protein conformations, protein-DNA interactions,
and protein-ligand interactions (protein arrays)

the precise choice of nanoarray design would depend on an intricate combination
of several factors, including the choice of nanopatterning technique, the properties
of the substrate and the probes, and compatibility with the detection method. To
date, proof-of concept studies have been performed for a wide range of first-gen-
eration nanoarray designs (Table 5.2), including planar arrays, well-based arrays
[78], nanovial arrays [79], attovial arrays [80, 99], nanowire arrays [81-85], random
arrays [86], bead arrays [87], nanoparticle arrays [88], and cantilever arrays [89-98].
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A range of protein probes has been used in these studies, including enzymes,
polyclonal and monoclonal antibodies, recombinant single-chain Fv (scFv) anti-
body fragments, as well as various model proteins such as biotin—streptavidin and
integrin o, Ps—vitronectin.

The fabrication of protein nanoarrays using DPN can be achieved in a variety
of ways. For example, Lee et al. [100] used nanoarrays of the anti-p24 antibody to
screen for the human immunodeficiency virus-1 (HIV-1) p24 antigen in serum
samples. For this, the antibody nanoarrays were fabricated using DPN-patterned
16-mercaptohexadecanoic acid (MHA) dot features as small as 60nm (10 x 10 spot
array) on a gold thin film as templates for antibody immobilization. Notably, the
large spacing between features improved the ability to locate the original pattern
after reaction with the biomolecules or gold nanoparticle probes. At pH 7.4, the
MHA was deprotonated, such that the nanofeatures were negatively charged. In
order to minimize the nonspecific binding of proteins on the inactive portions of
the array, the areas surrounding the MHA-patterned features were passivated with
poly(ethylene glycol) (PEG)-alkythiol (11-mercaptoundecyl-tri(ethylene glycol)),
and this was followed by copious rinsing, first with ethanol and then with Nano-
pure water. After passivation, mouse monoclonal antibodies to the HIV-1 p24
antigen (anti-p24) were immobilized on the patterned MHA dot features by
immersing the template in a solution containing the anti-p24 IgG for 1h. Any
unmodified MHA features were passivated with BSA (10% solution in 10mM
PBS) to prevent unwanted binding.

The nanoarrayed sample, which consisted of anti-p24 patterns, was next
immersed in a plasma sample containing HIV-1 p24. On capturing p24, the anti-
p24 features increased in height by 2.3 £ 0.6nm (measured using atomic force
microscopy; AFM). This height increase could be further amplified by sandwich-
ing the captured p24 protein with anti-p24-functionalized gold nanoparticle probes
(Figure 5.13). Most importantly, these investigations showed that nanoarray-based
assays could exceed the detection limit of conventional enzyme-linked immuno-
sorbent assays by orders of magnitude.

Gokarna et al. [70] used aldehyde-functionalized silicon substrates for the
screening of prostate-specific antigen (PSA), which serves as a biomarker for
prostate cancer. For this, aldehyde functional groups were formed on silicon by
the self-assembled monolayer technique, whilst for the patterning of nanoarrays
a special type of polymer-coated silicon cantilever was fabricated by the self-
assembly technique. Patterns of PSA were created on the aldehyde-functionalized
silicon substrate by using DPN, followed by a sufficient incubation time. In the
next step, functionalized PEG molecules were used as a blocking layer, followed
by incubation for 1h, and washing and drying of the sample. In order to monitor
the protein—protein interactions, one drop of colloidal QDs-conjugated proteins
was placed over the protein-arrayed area, and allowed to incubate for a few hours.
After allowing sufficient time for protein—protein interactions to be effected, the
sample was washed with deionized water and dried with nitrogen gas. During
this process AFM topographic imaging was carried out at several points to observe
the changes in spot height before and after protein—protein interaction.
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Figure 5.13 Schematic representing the protein adsorption was minimized by blocking
detection of HIV-1 p24 antigen using a with bovine serum albumin (BSA). The
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passivated with 11-mercaptoundecyl- binding is further amplified by a nanoparticle
tri(ethylene glycol) (PEG), and nonspecific sandwich assay.

5.6
QDs Probes in Clinical Applications

Today, interest in the detection and analysis of disease biomarkers constitutes a
major research area, with proteomics and related technologies being widely imple-
mented to optimize the detection of these biomarkers. Currently, intensive efforts
are under way to extract information from proteins that can be used for the early
diagnosis of diseases such as cancer. The physico-chemical malleability and high
surface areas of colloidal QDs make them ideal candidates for developing biomar-
ker harvesting platforms. Consequently, bridging together the unique features of
QDs and protein microarrays may lead to the design of ultrasensitive, robust, and
feasible assays for the early detection of cancer.

5.6.1
Detection of Disease (Cancer) Biomarkers Using QD Labels

Kim et al. [101] have attempted to assess the efficacy of QDs in the quantitative
analysis of antibody—antigen interaction by utilizing angiogenin (ANG) and QDs
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labeled with an anti-angiogenin (anti-ANG) antibody to monitor protein—protein
interactions. In these studies, the polyclonal antibody was labeled with QD or Cy5,
and the signal-to-noise ratios (SNRs) of the Cy5-labeling and the QD-labeling
methods were also compared. In particular, the SNR plays a critical role in the
study of quantitative biomarker analysis, expression profiling, and pathogen detec-
tion. In order to assess the applicability of QDs in a protein chip detection system,
antibody-antigen interaction assays were conducted using the QD-labeling method
on a ProteoChip system. Here, the ANG protein was initially immobilized in a
well-on-a-chip ProteoChip base plate, an then incubated with the anti-ANG anti-
body labeled with QD at different concentrations ranging from 20ugml™ to
32ngml™ (Figure 5.14). The image analysis demonstrated a good correlation
between the fluorescence intensities and QD-labeled ANG antibody concentra-
tions (Figure 5.14). Clearly, the QD-labeled ANG antibodies had been able to bind
specifically to ANG, as compared to BSA.

Recent studies relating to protein—protein interactions have also been conducted
with PSA and QDs-conjugated PSA antibodies [70]. In these experiments, BSA
was utilized as a control sample, and the biochips were fabricated in order to study
the specificity of the protein—protein interactions in QDs-conjugated proteins.
Another study target was to determine the effect of incubation time necessary for
these interactions to occur. Both, PSA and BSA were arrayed on the same



5.6 QDs Probes in Clinical Applications

(a) ssees sssss S—— .
SEsEEE aBese L BSA (capture)
senee
sesss sesss |ODs-PSAADs (target)
- s aes *eeee
asass LN R S— —
sl et ol bt PSA (capture)
sessss wssassas |QDs-PSAADs (target)
asass seeeee

Figure 5.15 (a) Schematic depicting the biochip structure of
protein— protem interaction in PSA and BSA microarrays
fabricated with a variation in the incubation time and without
any blocking layer; (b—d) Fluorescence images obtained by a
microarray scanner depicting the emission arising from the
QD-conjugated protein microarrays incubated for time

periods of (b) 1h, (c) 2h, and (d) 5h, respectively.

aldehyde-functionalized glass substrates to study the effect of incubation time
simultaneously on both proteins. The schematic in Figure 5.15a shows the manner
in which these samples were fabricated; here, the top arrays correspond to BSA
antigens, while the lower arrays depict PSA interacting with labeled PSA antibod-
ies. The incubation time of the QDs-conjugated PSA antibodies, after being
arrayed onto PSA or BSA antigens, varied from 1h to 5h, respectively.

The emission arising from the samples incubated for periods of 1, 2, and 5h is
depicted in Figure 5.15b-d. After an incubation period of 1h some of the microar-
ray spots in the PSA microarrays had disappeared, although this may be attributed
to an insufficient time for protein—protein interaction. An incubation time of 2h
was superior to either 1h or 5h. The control proteins (i.e., BSA microarrays) in
all three samples showed a very weak fluorescence emission compared to the PSA
microarrays, which confirmed the high specificity of interaction of QDs-conju-
gated PSA antibodies with PSA. Notably, in these samples the nonspecific binding
effect was also observed to be quite negligible.

A novel nano- and micro-integrated protein chip that incorporates the advan-
tages of both microfluidic networks (LFN) and QDs, and successfully demon-
strates the combined advantages of using both QDs probes and UFN, has been
fabricated by Yan et al. [102]. Here, the carcinoma embryonic antigen (CEA) was
used as a model assay target, while a WFN was used to construct the protein chips;
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Figure 5.16 Schematic illustration of protein chips based on QDs
probes and microfluidic network. Reproduced with permission
from Ref. [102] (Wang, et al., (2008), Nano Res. 1, 490).

this allowed a straightforward patterning of proteins and subsequent biomolecular
recognition. More recently, microfluidic technology has emerged as a promising
approach, offering convenient operation for both protein immobilization and
subsequent binding assays [103-108].

In these experiments, capture antibodies (monoclonal antibody, mAbs) were
initially passed through the microfluidic channels in the first polydimethylsiloxane
(PDMS) layer, which resulted in their immobilization on the aldehyde-activated
slide (see the scheme in Figure 5.16). The remaining area of the slide was blocked
with BSA to prevent nonspecific adsorption in subsequent steps and thus reduce
the background signal. After this step, the first PDMS layer was peeled off and a
second PDMS layer attached to the slide, resulting in a crossed channel configura-
tion. Target proteins (CEA solutions) were then passed through these channels,
crossing the original capture mAb-bound channels, and forming the puFN. It
should be noted that the target proteins were captured in the cross-section of the
UEN. After binding, biotinylated detection antibodies (mAbs) were passed through
the same channels, wherein they bound to the target protein. This step was fol-
lowed by passing the signaling probe, namely, avidin-coated CdTe/CdS core—shell
QDs, through the channels that illuminated the protein-binding assays.

This set-up was applied to the molecular diagnostics of a tumor marker (CEA)
in a sandwich-based configuration, and avidin-coated QDs (Aey = 579nm) were
used as signaling probes. Dose-dependent experiments were conducted over a
wide concentration range of CEA covering six orders of magnitude, from
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500nmoll™ to 500fmoll™. Based on the dose-response data obtained (Figure
5.17), the presence of protein—protein interactions could be proved in these
samples, and the limit of detection was identified as 500fmoll™. In contrast,
protein chips in which avidin—FITC (fluoroscein isothiocyanate) was used as the
signaling probe showed a detectable signal only when the target concentration
reached 500nmol1™. Thus, protein—protein interactions were successfully observed
in CEA proteins, with a high detection specificity.

5.6.2
Certain Limitations in QDs Labeled Microarrays: Nonspecific Binding Effects

Traditionally, BSA is used as a blocking agent during the fabrication of organic
dye-labeled protein biochips. However, when it is used as a blocking agent in
QDs-conjugated protein chips, on occasion it tends to show nonspecific interac-
tions with the QDs, and to a high extent. Gokarna et al. [70] fabricated two series
of protein microarray samples using colloidal QDs as labels for the purpose of
optical readout. In one series, BSA was used as a blocking agent during protein
chip fabrication, while the other series was fabricated in the absence of BSA.
In the BSA-positive series a high degree of nonspecific interactions was observed
(Figure 5.18). Any unconjugated or bare QDs also interacted with PSA or BSA
as capture proteins, with such interactions mainly observed to arise due to the
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interaction or adherence of BSA with QDs, as had been confirmed previously [109,
110]. In contrast, those samples fabricated by totally eliminating the BSA blocking
step exhibited a high specificity of protein—protein interactions (Figure 5.19).

In a study reported in Biochip Journal [101], Kim et al. explored the applications
of QDs in protein microarray techniques, using angiogenin (ANG) and an anti-
ANG antibody on a ProteoChip. For this, the nonspecific binding ability of the QD
material was evaluated by assessing the SNR of the QDs, and comparing it with
that of CyS5, a conventional fluorescent dye. The saturated signal intensity of the
scanned images was 65535. When the SNR was calculated from 65000 to 5000,
the ratio of the QD-labeled antibody was higher than that of the Cy5-labeled anti-
body, and was also invariable, regardless of the antibody concentration. However,
the SNR of the Cy5-labeled antibody fluctuated in a concentration-dependent
manner (Figure 5.20). These data indicated that the QD labeling system was sig-
nificantly less nonspecific than the Cy5 labeling system, and proved that this
technique could be applied to solid-phase biomarker assays on protein microar-
rays, as well to protein expression profiling on an antibody microarray.

5.6.3
QDs versus Organic Dyes in Protein Microarrays

Yan et al. [102] tested the sensitivity of their microfluidic-based protein microarray
system by using different concentrations of capture antibodies (mouse 1gG), with
either avidin—QDs or avidin—FITC as the signaling probe. In addition, a bioti-
nylated polyclonal antibody (goat anti-mouse IgG) was employed as a ligand which
could bind to both mouse IgG and avidin. As shown in Figure 5.21, the green-
colored avidin—QDs probe (A, = 554nm) exhibited a concentration-dependent
change in fluorescence intensity over the range 32 pmoll™ to 3.2umoll™. In con-
trast, the organic dye avidin—FITC [111] afforded significantly lower fluorescence
intensities. In the latter case, the signal could not be distinguished from the back-
ground when the target concentration was below 320nmoll™ (four orders of
magnitude higher than the corresponding value for QDs).

In contrast, Kim et al. [101], when fabricating protein arrays in a Well-on-a-Chip,
found the Cy5-labeled antibodies to show a lower limit of detection than did the
QD-labeled antibodies (Figure 5.22), but attributed such variation to the size dif-
ference between QD and Cy5. Typically, the diameter of the QD-antibody was
>20nm, but the Cy5-labeled antibody was much smaller. The limited surface area
of the Well-on-a-Chip might allow less binding of the QD-labeled antibody (due
to its larger size) when compared to the Cy5-labeled counterpart, which indicated
that the QD-labeled system was less sensitive than the Cy5-labeled system.
However, it was stressed that the fluorescence intensity of QD was not necessarily
less sensitive than that of Cy5, on a molecule-to molecule basis. It was also
assumed that these results might be attributable, at least in part, to differences in
the SNRs of the QD and Cy5 labeling methods.

With regards to the photostability of colloidal QDs compared to organic dyes in
protein microarrays, the latter proved to be highly stable even after continuous
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Figure 5.19 (a—c) Biochips fabricated wherein
different control proteins and bare QDs were
used as control samples. These biochips were
fabricated without using any blocking layer.
The fluorescence emission arising from the
interaction of PSA with QDs-conjugated PSA
antibodies, is compared with the emission

from the interaction of (d) BSA with the
conjugated QDs and (e) vitronectin with the
conjugated QDs; (f) Total absence of
emission in both PSA and BSA microarrays
when bare (non-conjugated) QDs were used
as targets.
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Figure 5.20 Comparison of signal-to-noise ratio (SNR)
between Cy5 and QD on the ProteoChip. SNRs were
calculated via the following equation: signal = V,, noise = V,;
SNR = 20log 10 (V,/V,).
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Figure 5.21 Comparison of the brightness of avidin-QDs and
avidin-FITC as signal probes. The inset shows fluorescence
images of the microfluidic network arrays using the two
fluorescent probes with the target protein concentration range
from 3.2 X 10°moll™" to 3.2 x 10" moll™, respectively (upper
row = avidin-QDs; lower row = avidin-FITC).
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Figure 5.22 Comparison of detection efficiency between Cy5
and QD on the ProteoChip. Cy5-labeled ANG antibodies or
QD-labeled ANG antibodies were used for analyses of
antibody—antigen interactions on a ProteoChip immobilized
with ANG.

(30min) exposure to laser excitation, as reported by Yan et al. [102] (for further
information, see Section 5.6.4).

5.6.4
Multiplexing in Protein Microarrays Using QDs

The ability of QDs to be excited by a single source makes them a unique label for
multiplexed experiments, where different species of QDs can simultaneously track
various biomarkers and unlike organic dyes, be excited with the same source.

It is well known that different-colored QDs can be excited with a single wave-
length due to their broad excitation bands. As shown in Figure 5.23, protein chips
labeled with QDs of two different colors can be effectively excited with a single
laser source, implying that QDs-based protein chips allow convenient multiplex
protein detection [102]. In addition, QDs also showed a high stability towards
photobleaching. When Yan et al. compared the photostability of FITC (A) and
two types of QD (B) and (C) (with A, of 554nm and 579nm, respectively) on
protein chips, it was clearly proven that the fluorescent signals from the organic
dye, FITC (Al in Figure 5.23) were largely diminished after irradiation with blue
light (A = 450-490nm) for 30min (A2 in Figure 5.23). In contrast to the organic
dyes, the signals from both the types of QDs (B1, C1 before continuous laser
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A1l A2
B1 B2
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Figure 5.23 Photostability of avidin-QDs and  photobleaching. In all experiments, mAbs

avidin-FITC. AT: fluorescence images of were directly immobilized on the protein chip;
microfluidic arrays using avidin-FITC probes.  biotinylated secondary antibodies, avidin-QDs
B1 and C1: fluorescence images of or avidin-FITC probes were associated on the
microfluidic arrays using two avidin-QDs with modified chip by flowing through the
emission bands at 554nm and 579nm, channels. Reproduced with permission from
respectively. A2, B2, and C2: corresponding Ref. [102] (Wang et al., (2008), Nano Res. 1,
fluorescence image after 30 min 490).

irradiation; B2, C2 after 30min of irradiation) were observed to decrease by only
a small degree.

Zajac et al. [112] investigated the multiplexing ability of QDs to detect six differ-
ent cytokines in protein solution. (Cytokines are proteins that have the ability to
stimulate or inhibit cell growth, regulate cell differentiation, induce cell chemo-
taxis, and modulate the expression of other cytokines.) By using this approach,
cytokines such as tumor necrosis factor-alpha (TNF-o), interleukin (IL)-8, IL-6,
macrophage inflammatory protein 1 beta (MIP-1B), IL-13 and IL-1B, could be
detected down to picomolar concentrations, thus demonstrating the extreme sen-
sitivity of this detection system using QDs. For this, nitrocellulose slides spotted
with capture antibodies against TNF-c, IL-8, IL-6, MIP-1f3, IL-13 and IL-1P were
incubated with eight mixes of fourfold step cytokine dilutions in buffer, and
detected with a biotinylated Ab/streptavidin—-QD655 complex. Plots of data
obtained through analysis of the fluorescent images showed the sensitivity of the
assay to be in the femtogram range. In a control experiment, the cytokine concen-
tration was zero; consequently, whilst fluorescence was not observed from the
control spots, it was emitted from spots incubated with a cytokine. Thus, it was
concluded that the QD-based microarray assay allowed the detection of cytokines
with different sensitivities, varying from the pgml™ to ngml™ range. The assays
for I1L-8 and TNF-a showed the best sensitivities, with a detection limit between
10 and 100 pgml™; by comparison, for all other cytokines the detection limit was
in the ngml™ range.

5.7
QDs-Labeled Protein Nanoarrays

Nanopatterned protein arrays offer significant advantages for sensing applications,
including short diffusion times, the parallel detection of multiple targets, and the
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requirement for only tiny amounts of sample. The controlled assembly of proteins
into bioactive nanostructures is a key challenge in nanobiotechnology, including
the potential to develop protein chips with single-molecule resolution. A variety of
reports have been made wherein AFM has been used for the development of high-
density protein chips which would serve primarily as an ultraminiaturized bioa-
nalysis platform for the near future [113-122].

Kang et al. used DPN to directly print integrin o, ; nanoarrays [50] that would
provide a platform for investigating the molecular interaction between integrin
o,,f3; and vitronectin cell adhesion protein. With protein recognition and binding,
AFM topography measurements indicated a 30 £ 5nm height increase. By using
BSA nanoarrays as a control, it was further confirmed that the patterned integrin
proteins retained their biological selectivity after surface immobilization [50].

Again using DPN, proteins have been deposited on gold, nickel oxide, and
pretreated-glass substrates from chemically modified single cantilever tips. A
variety of protein—surface interactions have been used in DPN, such as chemisorp-
tion [47, 77] or electrostatic attraction [48]. However, adsorption often leads to full
or partial denaturation of the proteins, and therefore a loss of function. Lee et al.
[123] presented an indirect approach for the fabrication of features with biologi-
cally active antibodies using templates made by the covalent attachment of protein
A/G to arrays of DPN-generated 11-mercaptoundecanoyl-N-hydroxysuccinimide
ester (NHSC;;SH) on gold surfaces. (Protein A/G is a genetically engineered
protein that is designed to contain four Fc-binding domains from protein A and
two from protein G; this allows for an enhanced binding affinity [124].) This was
the first example of the use of parallel SPM to generate arrays of protein
structures.

In order to generate nanoscale antibody-based arrays, highly dense DPN-gener-
ated dot arrays (23400 dots with a 1um dot-to-dot spacing) of NHSC,,;SH cova-
lently coupled to protein A /G were incubated in a solution of Alexa Fluor 594-labeled
human IgG solution (Alexa Fluor 594 is an organic dye) [123]. The patterned
human IgG nanoarrays were 8.0nm in height. By performing fluorescence micro-
scopy imaging wherein a red emission was obtained from the organic dye, it was
possible to confirm the adsorption of Alexa Fluor 594-labeled human IgG immo-
bilized on the generated protein A/G arrays.

The generality of the above-mentioned approach for protein patterning was
further demonstrated by developing anti-B-galactosidase and anti-ubiquitin
nanoarrays (14000 dots with a 2um dot-to-dot spacing), prepared in a similar
manner to that used for human IgG. The patterned anti-B-galactosidase IgG
nanoarrays were approximately 6.8nm high. The biological activity of the pat-
terned antibodies on the protein A/G was evaluated by incubating the substrates
in a solution containing either Alexa Fluor 594-labeled B-galactosidase (15 ugml™)
or Alexa Fluor 488-labeled ubiquitin in PBS for 2h. The binding of the Alexa Fluor
594-labeled B-galactosidase molecules to anti-B-galactosidase increased the height
of the patterned features from 6.8 to 9.5 nm, as observed with tapping mode AFM
imaging (Figure 5.24 a,b). Uniform B-galactosidase binding could be observed
from the fluorescence imaging, as shown below in Figure 5.24c. Importantly, an
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10pm

Figure 5.24 Topographical tapping mode
AFM images and their corresponding height
profiles of anti-B-galactosidase nanoarrays
immobilized on protein A/G templates (a)
before and (b) after incubation in a B-
galactosidase protein solution; (c)
Fluorescence microscopy image of the Alexa
594-labeled B-galactosidase complex

nanoarrays: (a) topographical tapping mode
AFM image and its corresponding height
profile of FITC Alexa Fluor 594-labeled human
IgG nanoarrays immobilized onto protein A/G
templates; (b) Representative fluorescence
microscopy image of Alexa Fluor 594-labeled
antibody nanoarray patterns. The patterns
span a distance of 1cm.

absence of binding when the arrays were exposed to fluorophore-labeled ubiquitin
protein proved that the arrays of immobilized antibodies had retained their biologi-
cal activity after patterning.

Gokarna et al. [70] fabricated nanoarrays of cancer proteins using QD-conjugated
antibodies of PSA by implementing the DPN technique. AFM topographic images
revealed spot sizes of 500-900nm and heights varying between 200 and 300nm
in these nanoarrays (Figure 5.25).

Whilst most of the above-described reports concerned the fabrication of stable
proteins on a protein chip using organic dyes or QDs as labels, Tinazli et al. [124]
introduced native protein nanolithography for the nanostructured assembly of
fragile proteins or multiprotein complexes under native conditions. For this, a
novel and easy-to use technology was presented for the fabrication of protein
nanoarrays under fully physiological conditions, based on metal-chelating self-
assembled monolayers combined with AFM-based nanolithography. The immo-
bilized proteins were detached by a novel vibrational AFM mode (contact oscillation
mode; COM), and replaced simultaneously or sequentially by different His-tagged
proteins (Figure 5.26) that were selectively self-assembled from the bulk. Most
importantly, during the structuring process using COM, the self-assembled

209



210

5 Medical Diagnostics of Quantum Dot-Based Protein Micro- and Nanoarrays

nm iz 071004 Topography002 copy

300{ | 12.5
10

200
E75
5

100
25
0 0

0 2.5 5 75 10 12.5 15
Line Profile: Red Hm

o P PN P N
WAV AN VAW AN AN /A
MR RV VRV 0T

25 5 75 10 12.5
um

Figure 5.25 Topographical AFM images in noncontact mode
of QD-conjugated protein nanoarrays fabricated on aldehyde-
functionalized silicon substrates by DPN. The line profile of
these spots is shown in the lower region of the image. These
nanoarray spots had a diameter varying between 500 and
900nm, and a height of 200-300 nm.

monolayer beneath the protein layer was not functionally impaired, and could be
further used for repeated affinity capturing of His-tagged proteins. A high degree
of specificity and a multiplexing capability of this patterning technique were also
demonstrated. By implementing this type of a nanolithography technique they
could perform rapid writing, reading and erasing of protein arrays in a versatile
manner; indeed, rewritable protein biochips had been fabricated!

As a representative example to demonstrate the biological activity of this new
nanofabricated biochip, the specific protein—protein interaction between a ligand
and its receptor was monitored. For this purpose, the extracellular domain of the
human type I interferon receptor (ifnar2-His10) was nanoarrayed and the binding
of interferon-a2 (IFNa2) labeled with QDs was monitored using fluorescence
microscopy (Figure 5.27). This medically relevant antivirus defense system had
earlier been proved to be highly sensitive to immobilization procedures [125], and
was well suited for proving the functional organization of fragile and dynamic
protein assemblies. The ligand IFNa2 was observed to bind exclusively to the
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Figure 5.26 Fabrication of rewritable protein  and substituted either simultaneously or
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native protein nanolithography. Uniformly (“replacement”). (Nature Nanotechnology,
oriented His-tagged proteins are removed (2007), 2, 220).
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Figure 5.27 Bioactive protein nanoarrays by confocal laser scanning fluorescence
fabricated down to 50 nm. Protein—protein microscopy. Strong fluorescence emission at
interactions in micro- and nanostructured 655 nm was detected only in the arrays. The

arrays: specific binding of IFNa2 S136C (red)  few nonspecifically adsorbed QD aggregates
site-specifically labeled with QD 655 through  can be easily distinguished from the

the additional cysteine residue (green) to prominent micro- and nanostructures. The
immobilized ifnar2-His10 (blue) was probed  scale bars correspond to 5um.

nanoarrayed receptor ifnar2, but not to the surrounding protein matrix (Figure
5.27). These results thereby demonstrated that this new AFM nanolithography-
based technology might be suitable for probing protein—protein immobilization
in nanoscale dimensions.
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5.8
Summary and Future Perspectives

Many factors determine the success of detection techniques, including high sen-
sitivity, resolution and detection limit; simplicity of operation; the avoidance of
interference from tags; real-time monitoring; broad applicability; multiplexing and
high-throughput capability; and biomedical relevance. Yet, to date no single tech-
nology has achieved this ideal status.

Although the capabilities of most of the new detection techniques have been
demonstrated using very strong antibody—antigen interactions, it will be important
also to conduct investigations with real-life, weak protein interactions. Neverthe-
less, those working in biomedical research will surely benefit from having a surfeit
of methodological options available.
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6
Imaging and Tracking of Viruses Using Quantum Dots
Kye-1l Joo, April Tai and Pin Wang

6.1
Introduction

Although the quantum dot (QD) was initially developed for the semiconductor
field, its novel properties have enabled it to be engineered for biological applica-
tions. Traditionally, organic fluorophores are used to detect and track biomole-
cules, such as antibodies, peptides, and viruses. However, problems with metabolic
degradation, or photobleaching, have limited their applicability for the long-term
imaging of biological processes. The use of QDs can potentially mitigate these
concerns, as well as allow for the development of novel detection techniques. QDs
are resistant to metabolic degradation and possess a wide absorption spectrum
and a narrow emission spectrum. In this chapter, the methods of forming QD—
biomolecule hybrids, and the use of QDs in virus tracking and detection, will be
examined.

First, the optical properties of QDs and the different methods of creating func-
tionalized QDs for the synthesis of nanoparticle-biomolecule hybrids will be
discussed. For this, two studies linking cowpea mosaic virus (CPMV) to QDs are
detailed: one where CPMV-QD networks were produced, and another where
immobilized CPMV were decorated with QDs. A method is also described of
incorporating QDs into the capsid of brome mosaic virus (BMV) by utilizing the
unique reaction of the BMV capsid to pH change. Next, different virus-tracking
techniques are reviewed, notably the traditional methods using organic fluoro-
phores, and the limitations of these methods are outlined. The advantages of using
QDs are also detailed, and their use in tracking both enveloped and nonenveloped
viruses is discussed. The use of QDs to detect viruses is then discussed, notably
of respiratory syncytial virus (RSV), which is responsible for many serious respira-
tory illnesses in young children. These studies, in which QDs are used to both
label and detect viruses, in combination with confocal microscopy, confirm the
rapid and efficient nature of these techniques. Finally, the use of pH-sensitive QDs
as biosensors is discussed, in which a complex system linking ATPase, pH-sensi-
tive QDs conjugated with viral antibody, and chromatophores is employed in the
rapid and simultaneous detection of different virus types.
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Edited by Challa S. S. R. Kumar

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32166-7

219



220

6 Imaging and Tracking of Viruses Using Quantum Dots

6.2
Quantum Dot-Biomolecule Hybrids

6.2.1
Optical Properties of QDs

Quantum dots are tiny, light-emitting crystals with sizes in the nanometer scale.
Their small size causes a confinement of the electron-hole pairs in the crystal and,
as a result, they display discrete energy levels [1]. These energy levels can absorb
and emit wavelengths from ultraviolet to infrared, depending on the size of the QD
[2]. As QDs have several advantages over conventional organic dyes, they are
emerging as a fluorescent probe for biological imaging and medical diagnostics.
Organic dyes generally encounter problems in fluorescing continuously for long
periods of time, due to their metabolic degradation. It is also difficult to use them
for multicolor applications because, although they can only be excited by light of a
narrow wavelength, they emit light with a broad spectrum, and this often causes
an overlapping of the signals for different dyes. By contrast, QDs are highly resist-
ant to metabolic degradation and exhibit a high quantum yield—the ratio of the
amount of light emitted from a sample to the amount of light that it absorbs [3, 4].
QDs also have molar extinction coefficients which are 10- to 100-fold larger than
those of most organic dyes [5, 6]. These properties allow QDs to fluoresce more
brightly and for longer periods of time than conventional organic dyes. Another
advantage that QDs have an over organic dyes relates to their optical spectra (Figure
6.1). In addition to their narrow absorption and broad emission spectra, organic
dyes also experience “red-tail,” a phenomenon which is caused by the asymmetric
shape of their emission spectra and the consequent leakage of signal towards the
red end of the spectrum [7-9]. Quantum dots, on the other hand, have broad
absorption spectra but having narrow and symmetric emission spectra. Thus, a
single wavelength is sufficient to excite multicolor QDs of different sizes, and this
results in discrete emission wavelengths with minimal signal overlap.

6.2.2
Functionalized QDs Conjugated with Biomolecules

Before QDs can be used for biological applications, such as probing live cells, they
must first be conjugated with biological molecules. This must be carried out with
great care in order to avoid disrupting the functions of the cell or of the biological
molecules. Currently, QD conjugation with biological molecules has been success-
fully achieved in several ways, including electrostatic interaction, mercapto (-SH)
exchange, and covalent linkage.

With the electrostatic exchange approach, the negatively charged QD interacts
electrostatically with the positively charged domain of the engineered protein of
interest. The resultant protein—-QD conjugates were very stable and, somewhat
remarkably, displayed a fluorescence yield that was even higher than that of non-
conjugated QDs [10].
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Figure 6.1 Properties of bioconjugatable full spectral width at half-maximum intensity

quantum dots (QDs). (a) QDs are inorganic
fluorophores and consist of a cadmium
selenide (CdSe) core with several layers of a
thick zinc sulfide (ZnS) shell to improve
quantum yield and photostability; (b) The
excitation spectrum (broken lines) of a QD
(green) is very broad, whereas that of an
organic dye (rhodamine, orange) is narrow.
The emission spectrum (unbroken lines) is
narrower for a QD (green) than for organic

(FWHM value); (c) The emission of the QDs
can be tuned by controlling the size of the
CdSe core: an increase in the size of the core
shifts the emission to the red end of the
spectrum. The combined size of the core and
the shell of QDs emitting in the visible region
of spectra are in the size range of commonly
used fluorescent proteins such as green
(GFP) and red (DsRed) fluorescent proteins.
From Ref. [7].

dyes (rhodamine, orange). Values indicate the

A mercapto exchange process can also be used to conjugate biological molecules
containing thiol groups, which serve as an anchor to the ZnS shell of QDs via
ligand exchange [11-16]. However, as the bond between Zn and thiol is dynamic
and weak, the biological molecules can easily detach and the QDs will precipitate
out of solution. Biological molecules can also be covalently linked to functional
groups on the QD surfaces [2, 8, 9, 17-20]; this is achieved by crosslinking
certain functional groups (e.g., -COOH, —SH, or -NH,) on the QD surface to
corresponding reaction groups on the biological molecules. The resultant QD—
biological molecule structures are much more stably linked than those produced
by the mercapto exchange process. An example of a crosslinker is 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), which is able to covalently link
—NH, and -COOH groups. Another crosslinker, 4-(N-maleimidomethyl)-cyclohex-
anecarboxylic acid N-hydroxysuccinimide ester (SMCC) can join —SH and -NH,
groups [21]. Avidin/streptavidin-conjugated QDs have also been employed to tag
biotinylated proteins of interest via the affinity of avidin/streptavidin for biotin
[22, 23].
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6.2.3
Formation of Virus—QD Networks

Hybrid nanoparticle-biomaterial networks have a variety of useful properties that
can be utilized for biosensing devices, diagnostic agents, and novel drug develop-
ment [1, 24-26]. Viruses are ideal models for nanoassembly due to their nanoscale
dimensions and relatively well-characterized surface properties. Recently, hybrid
virus networks between the plant cowpea mosaic virus (CPMV) and QDs have
been successfully constructed through the use of carbodiimide coupling chemistry
[27]. The two-step coupling procedure is shown in Figure 6.2. For this, water-
soluble ZnS-capped CdSe QDs were first prepared using 2-mercaptoacetic acid
(MAA) via ligand exchange, after which the carboxylates on the QDs were stably
activated by EDC and sulfo-NHS (N-hydroxysulfosuccinimide). When CPMV was
incubated with the activated QDs, virus—QD networks were produced via covalent
amide bond linkages forming between the carboxylate groups on the QDs and the
primary amines of the virus capsid protein. The heterostructures were linked by
covalent amide bonds, as confirmed by Fourier transform infrared (FTIR) spec-
troscopy, while the large-scale network assembly was visualized using scanning
electron microscopy (SEM), and visualization of QD incorporation into the micro-
scale networks was monitored using fluorescence microscopy. Taken together,
these results showed that viruses and QDs could be covalently linked with EDC
chemistry, and that enhancements and modifications could be applied in order to
improve the conjugation of the system. The techniques used allowed for great
versatility in the size and shape of the networks designed. The advantages of such
a system include novel large-scale material design, enhanced biological applica-
tions for targeting, and more densely arrayed nanoelectronic devices. Future
studies include quantifying the porosity and size of the network by varying the
concentrations of carboxyl and amine sources. Extending this method to other
protein systems might allow for a larger range of material designs and
applications.

6.2.4
Decoration of Discretely Immobilized Virus with QDs

In another study, two methods of functionalizing CPMV with QDs were initiated
[28], whereby metal affinity coordination was used to immobilize CPMV on a
substrate functionalized with NeutrAvidin. This was achieved by using a nickel-
activated heterobifunctional biotin-nitrilotriacetic acid (NTA) moiety to link the
histidines on the CPMV to the NeutrAvidin. Two different linking chemistries
were then used to functionalize the CPMV with hydrophilic CdSe/ZnS core—shell
QDs.

In the first method, biotin-X-NTA was exposed to NeutrAvidin-functionalized
glass slides through the biotin—-NeutrAvidin interaction (Figure 6.3a). The Ni-NTA
end of the bound biotin-X-NTA became bound to the histidine residues on the
CPMV particles. Then, the immobilized CPMV was further exposed to biotin-
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Figure 6.2 Chemical synthesis of virus
networks with inorganic nanoparticles. QDs
are chemically modified with MAA by
thiol-zinc attachment to decorate the surface
with carboxyl groups. The addition of EDC
activates the carboxylic group, and
subsequent addition of sulfo-NHS stabilizes
the O-acylisourea intermediate long enough
to react with primary amine nucleophiles
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(virus lysines) depicted below to produce
amide linkages. 2-Mercaptoethanol chelates
excess EDC to avoid virus polymerization
prior to virus addition. After 4h of coupling,
hydroxylamine was added to deactivate any
remaining active carboxyl esters to prevent
nonspecific aggregation. Modified after

Ref. [27].

X-NTA, which served as a bridge, where one end bound again through Ni-NTA
with the remaining histidines on the surface of virions, and the other end bound
to dihydrolipoic acid (DHLA)-capped and avidin-conjugated QDs. In the second
method, lysine residues on the CPMV viral surface were functionalized with NHS-
ester-LC (long-chain)-biotin (Figure 6.3b), after which the mutants were bound to
the NeutrAvidin-functionalized glass slide and exposed to maltose-binding protein
(MBP)-QD-avidin conjugates. Both methods were able to successfully bind QDs
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Figure 6.3 Schemes for patterning CPMV
virus on a substrate and decoration with QDs.
(a) Scheme 1. Glass slides were
functionalized with NeutrAvidin and the
surface exposed to biotin-X-NTA. Biotin binds
NeutrAvidin leaving the Ni-NTA function
available to coordinate to HISg on CPMV
particles. The upper exposed surface of
immobilized CPMV is then exposed to

biotin-X-NTA, then DHLA-capped and
avidin-conjugated QDs; (b) Scheme 2. CPMV
mutants labeled with NHS-ester-LC-biotin
(LC-Bt) were first immobilized on the
NeutrAvidin functionalized glass slide. The
biotinylated CPMV mutants were then
exposed to MBP-QD-avidin conjugates.
Modified after Ref. [28].

to the immobilized CPMV. The resultant structures could then be characterized
and the QD structures could either act as a scaffold for other proteins, or be used
to construct new nanocomposite materials with possible biomedical or bioelec-
tronic applications.

6.2.5
QD Encapsulation in Viral Capsids

One strategy for incorporating QDs into viral particles is to encapsulate them in
the viral capsid by partial or total replacement of the viral nucleic acid [29]. In one
study, the BMV—a small virus that features a capsid composed of 180 identical
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proteins—was used for this purpose [30]. These proteins form pentameric and
hexameric subunits on the viral capsid that are stabilized by weak interactions [31].
As a result of three decades of research with BMV, several tools have been devel-
oped to study the replication, protein—-RNA interactions, RNA-dependent RNA
replication, and capsid assembly and disassembly of the virus [31-33]. In BMV,
the capsid subunits are tightly associated and positively charged, while the nucleic
acid is negatively charged. This results in a high degree of ionic interactions
between the two, and it is this property which allows the foreign core encapsula-
tion of the negatively charged nanoparticles in the viral capsid. In these studies,
the BMV virions were first disassembled, and then reassembled in the presence
of the nanoparticles; the resultant BMV particles were then purified. This capsid
dissociation and reassembly was enabled by a unique property of the BVM capsid.
In the presence of low- to moderate-ionic-strength buffers of pH < 5.0, the capsid
remains stable, but if the pH is increased from 5.0 to 7.0 then a profound structural
transition occurs, whereby Mg”* stabilizes the interaction of the capsid subunits
and a reversible expansion occurs, without dissociation. At pH ~7.5 and an ionic
strength greater than 0.5M, however, the capsid dissociates and the viral RNA
precipitates. Yet, when a low pH and ionic strength is re-established, then reas-
sociation will occur.

Different types of QDs have been incorporated into the BMV capsid and subse-
quently investigated, including those coated with lipid-micelles, DHLA, and sin-
gle-stranded DNA (ssDNA) which contains the base sequence of the RNA motif
required for BMV assembly in cells. When the QDs had been functionalized with
the different coatings, and their hydrodynamic radii determined using dynamic
light scattering (DLS) (Figure 6.4a), the results indicated that there was no signifi-
cant aggregation in all cases. Recently, it has been shown that at a ratio of 1:180
poly(ethylene glycol) (PEG)-coated cores to BMV capsid units, the PEG-coated QDs
produced the regularly shaped particles expected for BMV. Also, virus-like particle
(VLP) assembly was optimal when the stoichiometry of the PEG-coated core was
at two or three equivalents of the capsid (Figure 6.4b—d).

One concern with the QD labeling of BMV is that capsid reassembly with QDs
remains somewhat unstable in storage, as determined by DLS and transmission
electron microscopy (TEM); moreover, the degradation was exacerbated by expo-
sure to visible light [29]. Although PEG-coated QD cores remain stable under laser
exposure, VLPs with these cores will precipitate out of solution. Consequently,
excitation of the QDs may have an effect on the protein shell in this set-up. Overall,
however, these studies have provided a general self-assembly protocol for the
encapsulation of QDs into viral capsids.

6.3
Quantum Dots for Single Virus Tracking in Living Cells

One key requirement for viral infection is an efficient transport of the genetic
material from the surface of the host cell to its nucleus. During viral entry,
the virus interacts with various cellular structures and takes advantage of their
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Figure 6.4 (a) The concentration of the dynamic light
scattering distributions of functionalized QDs in aqueous
solution; (b,c) TEM images of VLPs containing HS-PEG-
COOH-coated QDs. The equivalent ratios of QD to CP are
2:1 (b) and 3:1 (c), respectively; (d) Size histogram of VLPs
corresponding to (c). Modified after Ref. [29].

environments to optimize delivery of the viral genome to the nucleus and promote
efficient viral replication [34]. In order to understand virus trafficking, it is neces-
sary in turn also to understand not only the interactions that occur between the
virus and the cell (including the cellular structures), but also the route of viral
infection [35]. An improved understanding of these interactions may provide
crucial insights into preventing virus-triggered diseases, as well as enhancing the
efficacy of virus-mediated gene delivery.

Many routes may be taken in viral infection, and these vary by virus type. In
general, viruses first attach to the receptors on the cell surface, such as proteins,
carbohydrates, or lipids, and then deliver their viral genome into the cellular cyto-
plasm [36-40]. Viruses can use either an endocytic or nonendocytic route to enter
the cells (Figure 6.5). Many viruses enter cells via the endocytic pathway, which
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clathrin-mediated fusion at the cell surface
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penetration

Figure 6.5 The two main virus entry pathways. (a) Endocytic
route; (b) Nonendocytic route. Modified after Ref. [36].

may involve either clathrin- or caveolin-dependent pathways or, alternatively,
a clathrin- and caveolin-independent pathway [34, 41-46]. Those viruses that
use the endocytic route undergo a conformational change of the viral entry pro-
teins or target cell receptors, triggered by low endosomal pH, followed by endo-
somal fusion for enveloped viruses, or by endosomal escape for nonenveloped
viruses [47-49]. Viruses that use the nonendocytic route enter cells by directly
crossing the plasma membrane of the cell (i.e., cell membrane fusion) at neutral
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pH. Some examples of viruses that use this route include the human immunode-
ficiency virus type-1 (HIV-1) and the herpes simplex virus 1 (HSV-1) [36]. The cell
membrane components (e.g., lipid raft) [50-52] and the cytoskeletons, such as
microtubules and actin-filaments [38, 53, 54], have also been suggested to have
essential roles in viral entry. The ability to track individual viruses enables the
possible elucidation of previously unknown routes of entry. Additionally, the criti-
cal steps involved in the penetration of viruses into cells, and in their dissemina-
tion, might also reveal novel therapeutic opportunities for controlling virus
pandemics and pathogenesis [34, 35].

6.3.1
Conventional Labeling for Single-Virus Tracking in Live Cells

Traditionally, in order to track single viruses in live cells both the virus and the
relevant cellular structures must be fluorescently labeled; fluorescence microscopy
can then be used to detect and then track the labeled particles. One key problem
here is that the virus and appropriate cellular structures must be labeled fluores-
cently in such a way that they can be easily visualized, but not to a level where the
functions of the cell and virus could be affected. It is for this reason that antibodies
to viral proteins cannot be used for virus labeling, as they block the function of
the viral proteins after binding. Currently, two methods are used to incorporate a
fluorescent label onto the cell or virus:

o Fluorescent proteins may be used by encoding them in the viral genes, such that
they are incorporated with the viral structures [55-57]. As several copies are
required per virion, capsid or tegument proteins are normally selected; conse-
quently, this method can only be used with certain types of virus.

A chemical label can be used which can be attached either covalently or noncova-
lently to the proteins. For example, a virus has many —-NH, groups on its surface
to which amino-reactive dyes can be attached. Although concern has been
expressed that the nonspecific modification of lysine residues on the viral
protein may disrupt viral functions and infectivity, this labeling method has
been relatively well-characterized for labeling the capsid proteins of nonenvel-
oped viruses [58, 59].

Lipophilic dyes (e.g., 1,1’-dioctadecyl-3,3,3",3"-tetramethylindodicarbocyanine;
DiD) can be incorporated spontaneously into the outer membrane of enveloped
viruses, and can be used to label the viral envelope membrane [55, 60, 61]. Although
this membrane-labeling method is widely used for studies of virus-target mem-
brane fusion mechanisms, the virus cannot be tracked after the membrane fusion
process has occurred. Consequently, these dyes have limited applications for
imaging.

Following their fluorescent labeling, the viruses can be tracked in live cells by
detection with fluorescence microscopy, for which three principal set-ups are avail-
able [35]:
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o Epi-fluorescence microscopy: This has the simplest set-up and features low
signal loss, a large imaging depth, and rapid wide-field detection. However, the
autofluorescence inherent in cells results in a high background noise with this
method, which makes it unfavorable for situations where a small number of
fluorescent molecules must be detected.

 Confocal fluorescence microscopy: This can be either in the form of the laser
scanning confocal microscope (for typical use) or the spinning-disc confocal
microscope, when the imaging of rapid dynamics in live cells is required. Confo-
cal microscopes have much lower background noise and are able to produce
three-dimensional images, but they lose much of the fluorescence signal during
the imaging process.

o Total internal reflection fluorescence (TIRF) microscopy: This allows wide-field
imaging with less signal loss than confocal microscopy, and less background
noise than epi-fluorescence microscopy. Although the limited imaging depth
provides a superior resolution for cell-surface imaging [62], the main problem
with this method is its imaging depth. Typically, TIRF microscopy is able to
image only at a depth of 100-200nm, although events occurring near the cell
surface, such as viral entry, can be clearly detected.

6.3.2
Problems Encountered in Single-Virus Tracking

Today, several difficulties may be faced in the fluorescence labeling and imaging
of viral particles. First, the small size of viral particles limits the number of fluo-
rescent probes that can be attached without causing a self-quenching effect; the
attachment of too many dye molecules may also affect the infectivity of the virus.
For example, if the adeno-associated virus (AAV) has more than a few dye mole-
cules attached to it, it will become noninfectious [63]. Another problem lies in the
size of the fluorescent proteins, with large and bulky molecules possibly leading
to the disruption of viral structures and a marked loss of viral infectivity [64, 65].
The major problem when viruses are labeled with either dyes or fluorescent pro-
teins is that the fluorophores may be destroyed photochemically in an excitation-
induced phenomenon called photobleaching. This limits the long-term tracking of
single viruses in living cells, which is necessary when monitoring the dynamic
interactions between the virus and cellular structures. The small size of the virus
also necessitates longer exposure times for signal detection, which also leads to
photobleaching.

The use of QDs can potentially mitigate many of these obstacles in single-virus
tracking, as they exhibit remarkable photostability and brightness while maintain-
ing a broad absorption spectrum and narrow emission spectrum. The inorganic
nature of QDs provides them with an improved resistance to metabolic degrada-
tion, or photobleaching, over the organic fluorophores that, in turn, enables longer
tracking of viral particles in living cells.
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6.3.3
Use of QDs for Labeling Enveloped Viruses

Enveloped viruses are enclosed by a lipid membrane, which is gathered from the
host cell membrane during the budding process, or when the virus moves through
the cell’s membrane system such as the endoplasmic reticulum or the Golgi
apparatus. Examples of enveloped viruses include HIV, influenza virus, severe
acute respiratory syndrome (SARS) virus, and hepatitis C virus. As conditions that
damage membranes will also damage the envelopes of these viruses, they are
usually more fragile than nonenveloped viruses. Hence, more gentle and nondis-
ruptive labeling methods are needed.

One method of labeling enveloped virus with QDs is through a site-specific
scheme (Figure 6.6) [66]. The strategy was to first incorporate a 15-amino acid
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Figure 6.6 General strategy for the site- concentrated AP-tagged viruses resuspended
specific labeling of enveloped viruses with in PBS/MgCl, were biotinylated by adding

QDs. The biotin acceptor peptide (AP) tag is  biotin ligase (BirA), ATP, and biotin into virus.
incorporated on the surface of viruses while  Streptavidin-conjugated QDs are then added
they are budding from virus producing cells  to bind the biotinylated surface of viruses.
expressing AP tag on the cell surface. The Modified after Ref. [66].
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biotin acceptor peptide (AP) tag onto the surface of a virion [67, 68], after which
biotin ligase (BirA) was used to specifically modify the AP-tag so as to introduce
the biotin moiety to the viral surface. Due to the tight interaction between biotin
and streptavidin (Ky = 107 M) [69], the further addition of streptavidin-conjugated
QDs allowed the site-specific labeling of viral particles with photostable and fluo-
rescent QDs. The colocalization assay with an antibody specific for HIV capsid
protein (p24) confirmed that the AP-tag could be incorporated onto the surface of
lentivirus for QD labeling (Figure 6.7a). Additionally, this approach has been
shown to have no effect on virus infectivity for both the lentivirus and gamma-
retrovirus (Figure 6.7b,c).

Good photostability of the labeling fluorophores is desirable for the continuous
tracking of individual viruses, since a high-magnification objective must be
used in order to detect these tiny viral particles (20-100nm), generating a high
excitation light intensity in the focal plane of the objective [70]. Also, with the
development of new imaging techniques requiring the rapid and continuous
excitation of fluorophores for z-stack image acquisition (3-D reconstruction)
and time-lapse imaging [71], greater photostability is necessary for detailed traf-
ficking studies. Compared to traditionally labeled fluorophores, these QD-labeled
viruses were shown to exhibit excellent photostability against photobleaching
(Figure 6.8) [66].

As vesicular stomatitis virus (VSV) is known to enter the cell via endocytosis
[72], QD-labeled VSV glycoprotein-pseudotyped lentiviruses were used to test the
intracellular tracking of viruses in live cells (Figure 6.9). For this, fluorescent
protein-tagged Rab5 was overexpressed in target cells to label early endosomes,
then QD-labeled viruses were incubated with the cells for various time periods
before confocal imaging. Based on the results obtained, it was determined that the
viruses could be effectively tracked in their movement through early endosomes
with the use of fluorescence labeling provided by QDs.

The use of QD-labeled viruses was studied further by applying a site-specific
scheme to the HIV virus. As HIV is known to bind to CD4 and CCRS, cells express-
ing CD4 were incubated with the QD-labeled viruses and cell-virus binding was
observed through confocal imaging, confirming the validity of this method to label
HIV with QDs (Figure 6.10a). Furthermore, studies of the interaction between
HIV and DC-SIGN, a dendritic cell marker, revealed that HIV enters the DC-
SIGN-expressing cell through clathrin-dependent endocytosis (Figure 6.10b—d). In
theory, this site-specific QD-labeling method could be applied to any enveloped
virus in order to image trafficking mechanisms through different cell types.

6.3.4
Use of QDs for Labeling Nonenveloped Viruses

Nonenveloped viruses are small but stable particles that lack a lipid bilayer mem-
brane. As they can form crystals that diffract to good resolutions, the structures
of a relatively large number of representatives from different virus families have
been determined using X-ray crystallography at high resolution [36]. However,
despite these viruses being relatively small and simple in structure, their
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Figure 6.7 Incorporation of AP tag on the
surface of lentivirus for QD525 labeling. (a)
VSVG-pseudotyped lentiviruses produced by
cotransfection either with AP-TM (FUW/
VSVG + AP) or without AP-TM (FUW/VSVG)
were incubated with BirA, ATP, and biotin,

followed by labeling viruses with streptavidin-

QD525. The viruses (green) were overlaid
upon poly-lysine coated coverslips for 60 min
at 37°C. The coverslips were fixed,
permeabilized, and immunostained with
antibodies specific to HIV capsid protein p24
(red). Overlapping green and red signals
appears as yellow in a merged image. Scale
bars = 2um; (b) AP-tag bearing VSVG-
pseudotyped lentiviruses encoding a GFP

reporter gene were produced and biotinylated
by adding BirA, ATP, and biotin. The half of
biotinylated viruses were further labeled with
streptavidin-QD525 (FUGW/

VSVG + AP + QD525), and anther half was
used without QD labeling as the control
(FUGW/VSVG + AP). 293T cells (2 x 10%)
were spin-infected with QD-labeled or
unlabeled viruses. The resulting GFP
expression was analyzed by FACS; (c)
Similarly, 293T cells were spin-infected with
QD-labeled gamma-retrovirus (MIG/

VSVG + AP + QD) or unlabeled gamma-
retovirus (MIG/VSVG + AP). The resulting
GFP expression was analyzed by fluorescence-
activated cell sorting (FACS). From Ref. [66].
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membrane penetration and uncoating mechanisms are poorly understood [73].
The membrane penetration process requires a significant reorganization of the
viral nucleoprotein complex compared to enveloped viruses [36, 73]. Some exam-
ples of nonenveloped viruses include the poliovirus, rotavirus, parvovirus, includ-
ing the AAV, and the adenovirus. Due to the robust nature of nonenveloped
viruses, the capsids of purified viruses can be labeled by the covalent attachment
of dyes, without any significant loss of virus infectivity [58, 59].
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Figure 6.9 The trafficking of QD-labeled viral  monitoring of QD-labeled viral transport to
particles through endosomes. (a) 293T cells ~ endosomes. Rab5 (red) expression 293T cells
transiently transfected with DsRed-Rab5 (red) were incubated with QD-labeled VSVG-

were seeded on the glass-bottomed dish at pseudotyped lentiviruses (green) for 30 min at
48h post-transfection. QD-labeled VSVG- 4°C and shifted to 37°C for 10min to initiate
pseudotyped lentiviruses (green) were then virus internalization. Confocal time-lapse
incubated with the cells for 30min at 4°Cto  images were then recorded. The arrows
synchronize infection. The cells were shifted  indicate the internalized viral particle. Scale
to 37°C for various time periods (10, 30, bars = 5um. From Ref. [66].

60min) and then fixed; (b) Real-time

AAV, in particular, has attracted considerable interest because it shows great
promise for use in human gene therapy [74]. As the AAV virion is only about
20nm in diameter, the number of dye molecules that can be attached to a single
virus without causing self-quenching or affecting viral infectivity is very limited
[63]. However, the much greater brightness of QDs compared to conventional
fluorophores means that the viruses can be detected with a much lower loading
of the labeling molecules. It is believed that AAV virions are transported into the
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HelLa/CD4/CCRS

Figure 6.10 Intracellular trafficking of
QD-labeled HIV. (a) Visualization of HIV viral
particles on the surface of Hela cells
expressing viral receptor CD4 and coreceptor
CCRS. Hela cells or HeLa/CD4/CCR5 cells
were seeded on the glass-bottomed dish
overnight. The cells were incubated with
QD-labeled HIV viral particles (green) for
30min at 4°C, fixed, and then immunostained
with anti-human CD4 antibodies (red) and
counterstained with DAPI (blue). The arrows
indicate QD-labeled HIV viral particles bound
to the cell surface; (b) 293T/DC-SIGN cells
were seeded and incubated with QD-labeled
HIV viral particles (green) for 30 min at 4°C.
The cells were fixed and immunostained
anti-human DC-SIGN antibodies (red) and
counterstained with DAPI (blue). The arrows
denote HIV viral particles bound to DC-SIGN;
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(c) Involvement of clathrin-dependent
pathway of HIV viral entry. 293T/DC-SIGN
cells were transiently transfected with
DsRed-clathrin and seeded on the glass
bottom dish at 48 h post-transfection. The
cells were incubated with QD-labeled HIV
viral particles for 30min at 4°C to synchronize
infection, sifted to 37°C for 10min, and then
fixed. The arrows denote HIV viral particles
that were colocalized with clathrin; (d) HIV
viral transport to endosomes. 293T/DC-SIGN
cells transiently transfected with DsRed-Rab5
were seeded on the glass-bottomed dish. The
cells were incubated with QD-labeled HIV
viral particles for 30min at 4°C, shifted to
37°C for 30 min, and then fixed. The arrows
indicate HIV viral particles that were
colocalized with early endosomes. Scale

bars = 5um. From Ref. [66].
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Figure 6.11 Covalent attachment of QDs dots on adeno-
associated virus serotype 2 (AAV2). The QDs-AAV2 networks
are generated by an amide-bond formation between the
carboxylic source of QDs and primary amines from lysine
residues on the AAV capsid, via carbodiimide chemistry.

nucleus before viral uncoating occurs [49, 63]; thus, the viral capsid can be targeted
for labeling by QDs to track viral particle movements in the cell.

The general strategy for linking adeno-associated virus serotype 2 (AAV2) with
QDs through a coupling reaction is illustrated in Figure 6.11. The QD-AAV2
networks were produced by covalent amide bonds formed by carbodiimide chem-
istry between carboxylic moieties on the QDs and the primary amines from the
lysine residues on the virus capsid protein. The carboxyl groups on the QDs were
incubated with EDC and NHS to modify the carboxyl group to an amine-reactive
NHS ester. Excess EDC and NHS were then removed using a gel filtration column,
and the primary amine source, AAV2, was added for a coupling reaction. Confor-
mation that the QDs dots were indeed coupled to AAV2 was made by overlaying
the particle solutions onto coverslips and immunostaining the adhered viral par-
ticles with an antibody specific for intact AAV2. The fluorescence signal of the
QDs on the viral surface was readily detected, and almost all of the QD signals
were colocalized with the signal generated by anti-AAV2 antibody staining (Figure
6.12a). The results of many studies have suggested that AAV2 enters the cell



6.3 Quantum Dots for Single Virus Tracking in Living Cells

(@) Merged anti-AAV2 QD705

Microtubules Actin-filaments

) . i
Figure 6.12 Intracellular tracking of QD705-  transport of AAV2. QD705-labeled AAV2 (red)

labeled adeno-associated virus 2. (a) were incubated with Hela cells for 30 min at
Colocalization of QD705-labeled AAV2 with 37°C. The cells were then fixed,

anti-AAV2 antibody. QD705-labeled AAV2 permeabilized, and stained for microtubules
(red) were overlaid upon poly-lysine-coated (green) and actin-filaments (blue) with the
coverslips for 60 min at 37°C. The coverslips  monoclonal antibody to o-tubulin and

were fixed and immunostained with an rhodamine-conjugated phalloidin, respectively.
antibody specific to AAV capsid protein The arrows indicate viral particles on either
(green). Overlapping green and red signals microtubules or actin-filaments. Scale

appear as yellow in a merged image. Scale bars = 5um.

bars = 2um; (b) Cytoskeletons-mediated

through both clathrin- and dynamin-dependent endocytosis [75, 76]. It has also
been suggested, based on the results of drug-inhibition studies, that transport of
the virus to the nucleus is dependent on microtubules and/or actin-filaments [77].
The direct visualization of QD-AAV?2 virions in living cells suggested that viral
transport involved both microtubules and actin-filaments (Figure 6.12b).

Live-cell imaging technology with fluorescent microscopy (e.g., spinning disk
confocal microscopy) has allowed tracking of the dynamic interactions between
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Bright field

Figure 6.13 Detection sensitivity comparison between
QD705-labeled or FITC-labeled viral particles at different
exposure times. AAV2 were labeled with either QD705 or an
amine-reactive dye (fluorescein-NHS) and incubated with
Hela cells for 30min at 37°C. The cells were then fixed and
illuminated by an argon laser at 491 nm at different exposure
times. Scale bars = 5um.

QD705-AAV2

Fluorescein-AAV2

viruses and cellular structures. In multicolor real-time imaging studies, it is always
desirable to acquire an image with exposure times as short as possible, to monitor
the dynamics of virus trafficking in living cells in greater detail. However, the
limited number of fluorescent dyes that can be attached to a single virus without
affecting viral infectivity sets an upper limit to the exposure time needed to detect
the fluorescent signal emitted from a tiny virus. The use of QDs can, at least
potentially, offer advantages for fast, multicolor time-lapse imaging due to their
remarkable brightness compared to conventional fluorophores. When the sensitiv-
ity of the QD-AAV?2 particles was compared to that of fluorophore-labeled AAV2,
the QD signal was seen to be much brighter and detectable after a much shorter
exposure time (Figure 6.13). Thus, QD labeling not only allows the detection
of surface proteins that are present in smaller numbers, but also permits the
observation of the dynamics of virus trafficking during live cell imaging in more
detail.
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Quantum Dots for the Sensitive Detection of Virus and Infection

6.4.1
Monitoring the Progression of Viral Infection with Fluorescent QD Probes

Respiratory syncytial virus (RSV) is an enveloped RNA paramyxovirus that is pri-
marily responsible for the lower-respiratory tract infections typically seen in infants
and children aged under 5 years [78, 79]. The virus is enclosed in a lipid membrane
envelope incorporated with fusion and attachment proteins (Figure 6.14a). Inside,
the matrix proteins support the structure and surround the nucleocapsid core that
contains the viral genome, nucleoprotein, phosphoprotein, and polymerase pro-
teins [80, 81]. The attachment proteins help the virus bind to the cell surface, and
the fusion protein is then responsible for mediating fusion of the viral and cell
membranes to deliver the nucleocapsid into the cellular cytoplasm [81]. When the
viral nucleocapsid has entered the cell, transcription of the viral genes occurs and
both mRNA and viral proteins are produced. When the full-length genomic RNA
has been replicated, the RNAs and viral proteins are packaged into new virions
that bud out from the surface of the host cell; this results in fully functional virions
capable of infecting other cells. An interesting phenomenon that occurs with these
viruses is that the fusion proteins on the surface of the infected cells may cause
fusion with neighboring cells, producing giant multinucleated cells termed syncy-
tia (Figure 6.14b). As the fusion and attachment proteins are displayed on the
infected cell surface, they may serve as good antigen markers for RSV detection.
Also, as the virus replicates, the number of these proteins is amplified as a func-
tion of time; consequently, QDs can be used not only to detect the presence of
RSV infection but also to monitor its progression [81]. The QDs were attached
through antibodies and protein molecules to the fusion and attachment proteins
on the viral surface. By using this method, it proved possible to link 605nm
and 525nm streptavidin-QDs to the fusion protein and attachment protein,
respectively.

For the detection of RSV infection, confocal microscopy was used four days after
the initial viral infection to examine the presence of the fusion and attachment
proteins. These were observed mostly on the surface of the infected cells, as evi-
denced by the colocalization of the signals from the 525 and 605nm channels
(Figure 6.14c). This was consistent with the pathophysiology of RSV infection
determined previously [80, 82]. Interestingly, although the fusion and attachment
proteins were colocalized in the images, orthogonal slices of the same images
showed that the proteins were actually segregated in some areas at opposite sur-
faces of the cell.

After determining that QDs could be used successfully to label the RSV fusion
and attachment proteins, the development of viral infection was monitored
through the expression of those proteins over time. Images were taken of the cells
at various time points after infection, and amounts of both fusion and attachment
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Figure 6.14 The structure and life cycle of
respiratory syncytial virus. (a) The structure
shows the location of the fusion (F) and
attachment (G) proteins at the surface of the
virion particle in the lipid bilayer envelope.
Antibodies to these two surface glycoproteins
were used to label RSV-infected HEp-2 cells;
(b) The replication cycle of RSV. The RSV
virion attaches to the host cell via the G
protein. The F protein then mediates fusion of
the viral membrane into the host cell
membrane. The RSV virion nucleocapsid is
released into the host cell cytoplasm. The
host cell ribosomes are used to translate the
RSV mRNAs transcribed by the viral
polymerase to produce viral proteins; the
full-length RSV genomic RNA is replicated at
later stages of infection. These newly
synthesized viral proteins and genomic RNA
are assembled and a new virion buds from
the plasma membrane at the surface of the
infected cell. Additionally, F protein on the

may fuse with neighboring cells to form
syncytia; (c) Confocal microscopic image
showing colocalization of the F and G
proteins in RSV-infected HEp-2 cell monolayer
cultures at 4 days post infection. The
composite image (left) shows orthogonal
slices XZ (A1) and YZ (A3), suggesting that
the F and G proteins are located
predominantly on the surface of the infected
cells. In addition to the colocalization, the
images show segregated areas of F and G
protein at opposing surfaces. The images in
panel (B) (605nm channel) and panel (C)
(525nm channel) are of the same syncytium,;
(d) Fluorescent images of the F protein
labeled with 605 nm streptavidin QDs at Th
(A1), 24h (B1), 48h (C1), 72h (D1), and 96h
(E1) after infection. The G protein (A2, B2,
C2, D2, and E2) was subsequently labeled
using 525nm streptavidin QDs on the same
infected monolayer; images are shown for the
same time intervals. Modified after Ref. [81].

infected cell and the newly budding virions

-
«

proteins were seen to increase over time (Figure 6.14d). Both proteins were detect-
able at the earliest time point, which was at 1h after infection. To determine the
difference between QD labeling and organic fluorophore labeling, the fusion
protein was labeled with fluorescein isothiocyanate (FITC), a common organic
fluorophore, and imaged over the same time period. The FITC-conjugated antibod-
ies were able to detect fusion proteins at time points after 24 h; however, exposures
46-fold greater than those of the QD-labeled cells were required, and the organic
fluorophores suffered from near-complete photodegradation within 15min [81].

Subsequently, a system was designed that was capable of utilizing multiple
probes for simultaneous determination of the spatial distribution of different viral
proteins during the various stages of infection. This system may be applied for a
quick and early detection of viral infection using QDs, on the basis of their advan-
tages over conventional fluorophores. It can also provide a novel method to study
several aspects of viral infection, such as the spatial features of infected cells or
the intracellular movements of viral proteins.

6.4.2
The Use of Two-Color QDs for the Real-Time Detection of Viral Particles
and Viral Protein Expression

Another method used to detect viral particles employs dual-color QDs capable of
simultaneous excitation with a single light source [83, 84]. For this, a microcapil-
lary flow cytometry system was set up with a fixed-point confocal microscope for
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the rapid and accurate detection of RSV. At the time, the currently available
methods of detection were limited by sensitivity and involved organic dyes or fluo-
rescent proteins, which lacked the brightness and stability to study single mole-
cules. However, by using dual-color QDs capable of simultaneous excitation with
a single light source, a time-correlation procedure could be used to detect single
viral particles [84].

Specifically, a microcapillary flow system was coupled with a fixed-point confocal
microscope to detect photon emission from the QDs in the probe volume. The
photons were then spectrally separated and analyzed for their time of detection.
In order to detect the presence of RSV, the QDs were linked to monoclonal anti-
bodies of either the anti-RSV fusion protein or the anti-RSV attachment protein,
and incubated with RSV. The photons released by excitation of the nanoparticles
were detected by the confocal probe in real time. The detected signals from the
two different nanoparticle types should only coincide if the fusion and attachment
proteins were present on the same particle [84]. Also, the photon emission inten-
sity should be a quantitative representation of the relative amounts of protein
expression on the viral surface [84]. A particle with a greater amount of surface
protein expression should bind more of the corresponding QD, resulting in a
greater photon emission and a higher intensity in the photon count spectrum.
Using this method, the level of RSV fusion protein expression was compared for
different RSV strains [84].

As a result, a method was demonstrated which overcame the difficulties of
labeling viruses with fluorescent dyes that required excitation with two different
wavelengths. Dual-color QDs were utilized in the detection system for the rapid
and simultaneous, qualitative and quantitative detection of different viral proteins.
This information could subsequently be used to determine the presence, and pos-
sibly also the type, of RSV in fluid samples.

6.4.3
Viral Detection with pH-Sensitive QDs in a Biological Motor

Multiplexed detection systems are extremely useful in the simultaneous detection
of different biological targets. Indeed, a system has been created which detects
different viruses with multicolored QDs by embedding the QDs into polymeric
microbeads and using ATPase as a biological motor (Figure 6.15a) [85]. In this
procedure, the chromatophores (pigment-containing cells) were first labeled with
pH-sensitive CdTe QDs that were either green or orange. ATPase was then linked
to a herpes virus antibody and added to the orange QD chromatophores, and also
linked to a H9 Flu virus antibody for the green QD chromatophores. When ADP
was added to start the reaction, the ATPase caused protons to be pumped out of
the chromatophores. Then, when the viruses were added and the corresponding
viruses bound to the ATPase-QD-chromatophore sensors, the activity of the
ATPase was enhanced such that more protons were pumped out of the chromato-
phores; this led to a change in the pH-sensitive fluorescence intensity of the QDs.
By measuring the rate of fluorescent intensity change, the activity of ATPase could
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Figure 6.15 (a) The basic design of QD MHV68 when ADP is added to start the
biosensors based on FOF1-ATPase: (1) reaction. Curve b: changes of fluorescence
antibody of B-subunit; (2) the antibody of intensity of green QD biosensors without H9

MHV68; (3) MHV68; (4) the antibody of H9  avian influenza virus when ADP is added to
avian influenza virus; (5) H9 avian influenza  start the reaction. Curve c: changes of

virus; (6) CdTe QDs with emission fluorescence intensity of orange QD
wavelength at 585nm; (7) CdTe QDs with biosensors with capturing MHV68 when ADP
emission wavelength at 535nm; (8) FOF1- is added to start the reaction. Curve d:
ATPase within chromatophores; (9) changes of fluorescence intensity of green QD

chromatophores; (b) Changes of fluorescence biosensors with capturing H9 avian influenza
intensity of QD biosensors with and without  virus when ADP is added to start the reaction.
viruses. Curve a: changes of fluorescence From Ref. [85].

intensity of orange QD biosensors without
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Figure 6.16 Detection of viruses by the
QDs-biosensors. (A) H9 avian influenza virus
detected by the QD biosensors: (a) QD
biosensors (emission at 535nm) loaded by
antibodies (antibody of B-subunit and second
antibody of H9 avian influenza virus) with
capture of H9 avian influenza virus; (b) QD
biosensors (emission at 585nm) loaded by
antibodies (antibody of B-subunit and second
antibody of MHV68). Schematic illustrations
are shown in insets a and b; (B) MHV68
detected by the QDs-biosensors: (a) QD
biosensors (emission at 535nm) loaded by
antibodies (antibody of B-subunit and
antibody of H9 avian influenza virus); (b) QD
biosensors (emission at 585nm) loaded by
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antibodies (antibody of B-subunit with
antibody of MHV68) with capture of MHV68.
Schematic illustrations are shown in insets a
and b; (C) H9 avian influenza virus and
MHV68 detected by the QD biosensors
simultaneously and independently: (a) QD
biosensors (emission at 535nm) loaded by
antibodies (antibody of B-subunit and
antibody of H9 avian influenza virus) with
capture of H9 avian influenza virus; (b) QD
biosensors (emission at 585nm) loaded by
antibodies (antibody of B-subunit and
antibody of MHV68) with capture of MHV68.
Schematic illustrations are shown in insets a
and b. From Ref. [85].

be determined and consequently, the presence of viral particles detected (Figure
6.15b). This procedure was demonstrated successfully with both herpes virus and

the H9 Flu virus.

The applicability of this system for the simultaneous sensing of different viral
types was then tested by mixing the green and orange QD biosensors and applying
different viruses (Figure 6.16). Both, herpes virus and H9 Flu virus were added to
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the QD mixture, individually and simultaneously, and were detected successfully.
Even with a population of mixed green and orange biosensors, the corresponding
viruses were detected with no interference by the nonrelevant biosensor. Thus,
this system could be used as a cheap, rapid, convenient, and effective method to
detect several types of viruses simultaneously with a mixture of pH-sensitive CdTe
QDs. It is likely that, with further engineering, the QD biosensors could also be
used to detect other biomolecules, and applied for the optical encoding of other
quantitative and qualitative detection systems that require simultaneous and inde-
pendent multicolor sensing.

6.5
Conclusions

In recent years, QDs have been shown to be versatile and effective for different
fluorescence studies, including virus detection and tracking. Notably, QDs possess
several clear advantages over conventional organic dyes, including a greatly
improved photostability against metabolic degradation, or photobleaching, which
is of great concern in confocal microscopy, and a higher emission intensity. QDs
also have the ability to achieve excitation over a wider range of wavelengths while
possessing a narrower emission spectrum, which allows for the simultaneous,
dual-color excitation of fluorescent particles. These unique qualities have prompted
the successful incorporation of QDs in novel systems for the determination of viral
structures, the tracking of virus trafficking, and virus detection.

The fact that QDs remain more bulky than conventional organic fluorophores
may pose certain difficulties for their use in the labeling of internal viral compo-
nents, without disrupting viral functionality. Nonetheless, studies are under way
to reduce the size of QDs so as to improve their applicability for biological detec-
tion processes. Difficulties have also been encountered in purifying conjugated
QDs, such as functionalized or antibody-bound, from nonconjugated QDs through
conventional purification methods. Currently, molecular weight cut-off (MWCO)
is typically used to purify molecules by filtering them to sort by size. However, as
QDs are large and similar in size to proteins, they cannot be distinguished and
sorted from a mixed population with such a set-up. Although, to date, size-exclu-
sion chromatography has been the most promising and widely used method for
purifying conjugated QDs, further studies are required to determine a quicker and
more convenient method.
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7
Nanomaterials for Radiation Therapy
Ke Sheng and Wensha Yang

7.1
Introduction

The first question in radiation therapy is how to delineate the geometry—the loca-
tion and shape—of the tumor. This question is answered by imaging, that is, by
creating a contour map encompassing the tumor and a margin for uncertainties
in microscopic extension, patient motion and set-up errors. Imaging techniques
make use of the fact that tumors have different physical and chemical properties
than normal tissue. Computed tomography (CT) is the most commonly used
imaging method for tumor delineation, and takes advantage of the difference in
electron density between tumors and normal tissue. When this difference is not
sufficient, contrast agents with high photoelectric cross-sections are used to
enhance the ability so as to visualize the tumor. Magnetic resonance imaging
(MRI) can distinguish tissues with different proton densities but, more frequently,
the distinct proton relaxation time of the tumor is exploited to delineate the tumor.
More subtle differences in the chemical composition of malignant tumors can also
be detected with MRI spectroscopy, as when the concentration of certain organic
molecules creates a “biochemical fingerprint.” In addition, tumors differ from
normal tissue in terms of their physiological behaviors, including their metabolic
activities, proliferation rates, gene expression patterns and oxygen levels. The
combined used of targeting moieties and contrast agents can thus reveal both the
physiological and the physical properties of the tumor, allowing a high precision
in delineating the tumor boundaries. Nanomaterials are ideal targeting moieties
because they are highly customizable in both functional surface and size, and thus
can be designed to infiltrate specific biological barriers such as the cell membrane.
In addition, their unique physical properties, such as density, luminescence, and
magnetism, make them extremely useful for CT, optical imaging, and MRI. These
applications have contributed to new methods of target delineation in radiation
therapy.

There is a second, equally important question in radiation therapy, namely, how
to deliver a sufficient radiation dose to the tumor without excessively irradiating
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the surrounding normal tissue. Although the working mechanisms of nanomate-
rials for therapeutic and imaging purposes are often parallel and overlapping, the
direct utilization of nanomaterials to increase the effectiveness of radiation therapy
is relatively new. Most therapeutic applications of nanomaterials are still in the
infant stage of their development, with few human trials having been conducted.
One major difference between imaging and therapeutic applications is that the
dose used in therapy is at least two orders of magnitude higher than that in an
imaging procedure. For example, it is considered acceptable in positron emission
tomography (PET) that the brain and bladder receive moderate doses of radioactiv-
ity during imaging, but this would be hazardous in a therapeutic procedure due
to the much higher radiation dose. This difference, and other unique problems,
have made the introduction of nanomaterials in radiation therapy particularly
challenging.

This chapter is dedicated to the therapeutic applications of nanoparticles, and
is structured to contain a brief introduction to radiation therapy and its limitations,
followed by discussions of physical radiosensitizers and the use of nanoparticle
semiconductors as energy mediators during the combination of radiation therapy
with photodynamic therapy. The following sections are on nanobrachytherapy, the
distinguishing characteristic of which is that the radioactive nanoparticles are
targeted specifically to tumor cells, and radioprotection, which focuses on decreas-
ing the dosage delivered to healthy tissue. Next is described the use of nanoparti-
cles as semiconductors in radiation dosimetry. Finally, the outlook for future
research into nanomaterials for radiation therapy is assessed.

7.2
A Brief Introduction to Radiation Therapy, and its Limitations

In radiation therapy, photons or charged particles with various energy levels are
projected into cancer patients, such that radiation energy is delivered to the lesions
that need to be treated. The spectrum of electromagnetic (EM) radiation is shown
in Figure 7.1. Depending on the energy of a single particle, this spectrum can be
divided into ionizing radiation and nonionizing radiation:

* Ionizing radiation can act indirectly, where single particles with energy higher
than the first ionization potential of a water molecule (12.6eV) are used to excite
or ionize water molecules, generating a cascade of free radicals that damage
cellular DNA and ultimately cause cell death if the damage is not repaired.
Alternatively, ionizing radiation can act directly on biological molecules such as
DNA, but this requires an energy of 75eV per particle on average, based on
empirical data. It can be ascertained from Figure 7.1, that the ionization potential
of 12.6eV corresponds to photons with wavelengths shorter than the ultraviolet
(UV) band.

 In nonionizing radiation, the energy carried by a single particle is not high
enough to generate ionization events, but collectively, the irradiated tissue is
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Figure 7.1 Spectrum of electromagnetic radiation.

heated by a large number of particles to a threshold temperature, thereby
producing irreversible damage. The achieved temperature depends on the
duration of heating; for example, conventional hyperthermia treatment using
temperatures of 42-45°C requires hours of exposure to kill tumor cells, but
ablative treatments can achieve temperatures of 60-100°C quite rapidly (in fact,
a short exposure time is essential to avoid heat dissipation by the blood
circulation). Increases in tissue temperature to this level for 1s result in
immediate protein denaturation and coagulative necrosis.

In either type of radiation, the treatment of tumors that are not on the surface
of the patient’s skin requires that the radiation enters and penetrates a segment
of normal tissue, resulting in an entrance dose. For more penetrating high-energy
particles, a percentage of the particles must also exit the patient, resulting in an
exit dose. The amount of damage to the lesions relative to that in the normal tissue
is referred to as the therapeutic ratio, a quantity which is dependent not only on
the physical dose of radiation but also on the biological response of the target cells.
In modern ionizing radiation therapy, the therapeutic ratio is optimized by redis-
tributing the entrance and exit doses to more radioresistant normal tissue and
minimizing the dosage outside the tumor volume.

State-of-the-art radiation planning and delivery can mold the shape of the dose
to fit the shape of the tumor and spare most important organs at risk. However,
as demonstrated in Figure 7.2, even with Helical TomoTherapy [1, 2]-a recently
designed CT-based radiation therapy machine that delivers modulated 6 MV X-rays
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Figure 7.2 Dose distribution of a lung cancer treatment plan
generated by Helical TomoTherapy. (a) Two-dimensional
colorwash superimposed on an axial CT slide; (b) Three-
dimensional surface plot. A “warmer” color indicates a higher
dose.

from all 360 degrees around the patient—there is still substantial spillage from the
entrance and exit doses, which are combined and defined as the integral dose. The
integral dose as a physical limitation cannot be reduced by modulating radiation
and optimizing beam incidence angles.

Although tumor cells are generally slightly more sensitive to radiation than
normal tissue due to their higher mitotic activity and inferior ability to repair DNA
damage, the dose spillage from radiation therapy can cause normal tissue damage
and treatment side effects which, in rare cases, may lead to patient death. In addi-
tion, radiation injury to normal tissue is cumulative, rendering repetitive radiation
therapy a last-resort option for patients with recurrent tumors at the same location.
Therefore, it is essential to deliver sufficient doses of radiation therapy at the first
treatment, whilst at the same time avoiding intolerable radiation injury from
spillover.

To improve the therapeutic ratio, drugs have been investigated that will either
enhance the radiosensitivity of tumor cells, or protect normal tissues from radia-
tion damage. Chemical radiosensitizers [3] were developed to increase the tumor
cells’ sensitivity to radiation via many different biological pathways. For example,
electron affinity chemicals were used to react with DNA free radicals and reduce
hypoxia-associated radioresistance [4, 5]. As tirapazamin is more toxic in a hypoxic
environment, it was used to treat these more radioresistant tumor cells [6]. Pyri-
midines substituted with bromine or iodine have been incorporated into DNA and
enhance free radical damage [7], and drugs involved in DNA repair were evaluated,
but with mixed outcomes [8, 9]. Proteins involved in cell signaling, such as the
Ras family, are attractive targets linked to radioresistance [10, 11]. The suppression
of radioprotective thiols was also investigated as a pathway for radiosensitization
[12]. Although these applications have shown promise in one or more areas, they
are generally toxic to normal tissues, with uncertainties in the mechanism, and
sometimes rely on a tumor cell target subject to change. It was concluded that the
clinical gains from these chemical radiosensitizers has been insignificant [3, 13].
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This less than satisfactory outcome can be largely attributed to the complex and
often unpredictable mechanisms of chemical radiosensitizers, and to the fact that
the activity of the sensitizers is not linearly controlled by radiation. As a more
straightforward approach, physical sensitizers have been utilized to absorb radia-
tion energy at the site of the tumor using materials that have a higher absorption
coefficient than tissue, and this has led to the first important role of nanomaterials
as energy mediator. The role of nanoparticles in radioprotection will be introduced
briefly later in the chapter.

7.3
Physical Radiosensitizers

7.3.1
Enhanced Radiation Therapy Using High Z but Non-Nanoscaled Materials

X-rays interact with matter and lose energy by one or more of the following mecha-
nisms: the photoelectric effect; coherence; Compton scatter; and pair production.
At different energy ranges, the cross-section of each interaction varies, as shown
in Figure 7.3 At medium to high energy (100kV-10MYV), X-rays lose energy pri-
marily through Compton scatter, the cross-section of which is proportional to
the electron density of the medium. Therefore, the relative absorption coefficient
for an electron-dense material such as gold (density 19.3 gcm™) is approximately

10

0.1

Compton
Pair Production

Photoelectric

| |
0.1 1 10 100
Energy (MeV)

Figure 7.3 Schematic presentation of the relative weighting of
X-ray-matter interaction cross-sections at different photon
energies.
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Figure 7.4 Plot of gold, soft tissue, and bone attenuation
versus X-ray energy. For gold, absorption edges occur at: K
(80.7keV), L (L1 14.4keV; L2 13.7keV; L3 11.9keV), and M
(2.2-3.4keV); the K-edge is where the incident energy is just
enough to eject an electron from the inner K shell [15].

20-fold that of normal human tissue. Lower-energy X-rays react with high-atomic
number (high Z) materials more efficiently by the photoelectric effect, which
allows for a higher absorption of energy proportional to the cube of the atomic
number [14]. A typical absorption coefficient plot of tissue, bone and gold is shown
in Figure 7.4. At the K-edge of gold, the relative absorption coefficient of the gold
is approximately 1217 (79°/7.4%) times that of normal tissue with an average atomic
number of 7.4. Therefore, high-Z materials can be used to intercept more X-ray
energy to improve the therapeutic ratio of radiation therapy. Although coherent
interaction also has a higher cross-section at lower energy and with high-Z mate-
rial, this type of interaction does not involve energy transfer from the incident
particle to the tissue, and therefore does not contribute to therapy. In pair produc-
tion, a paired positron and electron is produced by converting kinetic energy to
resting mass. At higher energy, pair production becomes more important. The
cross-section is proportional to Z?, but the advantage of a high-Z material is not
significant until the photon energy exceeds 10MV, where the photoelectric effect
becomes negligible.

It is also important to clarify the beam properties associated with X-rays gener-
ated by X-ray tubes or an accelerator. A nominal energy of 100kVp means that the
electrons are accelerated to 100keV before hitting the target, where they are then
decelerated and bremsstrahlung X-ray photons are generated. These bremsstrahl-
ung photons are no longer monoenergetic, but rather have widely distributed
spectra (polychromatic) with 100kVp as the maximum (peak) energy. The actual
output of the X-ray unit is normally filtered before leaving the X-ray head so as to
“harden” the X-rays for more penetrating beams. The average energy of the X-rays
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from a modern megavoltage clinical accelerator is approximately one-third of the
peak energy. Therefore, with a kilovoltage X-ray machine operating at 100kVp,
there will still be large numbers of photons at a much lower energy than the
nominal value, and these interact with matter by the photoelectric effect.

The large cross-section of kV X-rays with high-Z materials has been exploited in
various cell and animal apparatus. lodine (Z = 53) was the first element to be tested
in vitro [16, 17], and showed the effect of radiosensitization. When iododeoxyurid-
ine (IUdR) is integrated into cellular DNA, a threefold increase in tumor cell killing
was observed with radiation [18]. Likewise, an improved tumor growth delay was
observed [16, 19] with iodine contrast medium and 100kVp X-rays. Improved
canine survival (53%) was also observed with the same medium and orthovoltage
(140kVp) X-rays delivered by a CT scanner [20] modified by the insertion of a col-
limator to narrow the beams so as to encompass the tumor only and spare the
normal tissue surrounding it. (This concept was similar to Helical TomoTherapy
[1, 2], but with kV X-rays replaced by MV X-ray.) This apparatus was then tested in
a Phase I clinical trial of brain tumors in humans, whereby the method was shown
to be safe and effective, albeit in only a few patients [21]. One difficulty associated
with iodine as a radiosensitizer is that the highest absorbance energy for iodine,
the K-edge, is close that of bone and tissues. In order to further improve the spe-
cificity, X-rays at 50keV with narrow bandwidth were desired; consequently, syn-
chrotrons capable of generating near-monochromatic X-rays were used in
combination with iodine to deliver stereotactic radiosurgery to mice [22, 23].

Compared with iodine, gold (Au, Z = 79) has a higher and more desired K-edge
at 80.7keV, which is farther away from that of the bones and tissues. When gold
was first applied in the form of gold foil. it showed an ability to enhance cell killing
by approximately 100-fold [24]. Subsequently, micron-sized gold particles injected
directly into tumors before radiation and also reduced the cells’ viability [25].
Although, during these pioneer studies, it became clear that the enhancement of
radiation therapy by a locally distributed high-Z material was feasible, it was clear
that these methods had several limitations. In order to achieve high dose-enhance-
ment effects, the percentage of thymine that must be replaced by iodouracil was
prohibitively high in vivo [18]. Synchrotrons producing monochromatic X-rays are
not widely available, and the low energy with the K-edge of iodine prohibited it
from being applied to larger animals or humans due to a limited X-ray penetration.
With gold, it is difficult to apply bulk materials such as foil and to achieve a
uniform dose enhancement, as the range of dose enhancement with the foil is on
the order of 50um [24]. In addition, gold microspheres were unable to infiltrate
densely packed tumor cells [25]. Most importantly, neither iodine contrast media
nor micron-sized gold particles could be easily modified for biological targeting.

7.3.2
Enhanced Radiation Therapy by Gold Nanoparticles

Although the high-Z nanoparticles used simply to increase radiation absorption
are not semiconductors, the energy transfer pathway is highly relevant to the
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semiconductor nanoparticle-photosensitizer pair used in combined radiation—
photodynamic therapy (see Section 7.3). Therefore, to provide a complete picture
of the physical radiosensitizer, it is essential to include details of these metal nano-
particles at this point. For the same reason, metal oxide nanoparticles, as radio-
protectors, are briefly introduced in Section 7.5.

To overcome the difficulties in enhancing radiation therapy with gold materials,
gold nanoparticles have emerged as an attractive solution. Their in vitro efficacy
was demonstrated by Kong et al. [26], who compared cell survival after treatment
with kV radiation only or kV radiation in the presence of gold nanoparticles. Cells
containing gold nanoparticles survived significantly less, and the dark toxicity of
the gold nanoparticles was negligible. Although the degree of radiosensitization
is arguably the same as micron-sized gold particles for a given concentration, gold
nanoparticles are more versatile and biocompatible. It has been shown that gold
particles less than 2nm (and without surface modification) can effectively evade
the immune system and liver retention. They can also exploit the leaky nature of
the tumor vascular structure to achieve tumor :liver concentration ratios of 1.6 [27].
In a study conducted by Hainfeld et al. [27], when 0.01mlg™ of 1.9 £ 0.1nm gold
nanoparticles was injected into the tail vein of mice, the gold nanoparticles
appeared in the xenograft tumor shortly after injection (the contrast from X-ray
images of the gold nanoparticles is shown in Figure 7.5). These mice were subse-
quently irradiated and compared to mice without gold nanoparticles. In the radi-
ation-only group, the long-term survival (one year) was 20%, whereas in groups
irradiated with lower (135mgAukg™) and higher (270mgAukg™) loads of gold
nanoparticles the long-term survival was 50% and 86%, respectively. This study
was the first proof of principle demonstrating the ability of high-Z nanoparticles
to effectively enhance radiation therapy without any significant side effects.
However, the ability to modify gold nanoparticles is where the true therapeutic
value emerges.

Based on size selection alone, the gold nanoparticle concentrations were slightly
higher in the tumors than in the liver; however, the tumor concentrations were

Figure 7.5 Radiographs of mouse hind legs before and after
gold nanoparticle injection. (a) Before injection; (b) At 2min
after intravenous gold injection (2.7gAukg™). Significant
contrast (white) from the gold is seen in the leg with the
tumor (arrow) compared to the normal contralateral leg.
Six-second exposures at 22kVp and 40 mA. Scale bar = 1cm.
Reproduced from Ref. [27], with permission.
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still lower than those in the kidney and blood, and similar to those of other tissues.
although, initially, this lack of biospecificity limited the effect of gold on the thera-
peutic ratio, the achievement of tumor specificity was shown to require surface
modification, which would allow the gold nanoparticles to bind to molecules such
as polyethylene glycol (PEG), carboxyl or amino groups, thiol-derivatized drugs,
DNA, lipids, and carbohydrates [28, 29]. Surface modification improved the bio-
compatibility of gold nanoparticles and allowed an advantage to be taken of the
higher demand for glucose and the overexpression of certain receptors in rapidly
metabolizing tumor cells. For example, Kong et al. showed that gold nanoparticles,
when coated by glucose, would be selectively internalized by breast cancer cells,
and that the selectivity could be further tuned by modifying the surface charge
[26]. Li et al. demonstrated a fourfold higher tumor cell uptake of gold nanoparti-
cles functionalized by transferrin compared to normal cells [30]. A similarly
increased uptake was observed in prostate cancer cells, although the enhancement
in cell killing was not proportional to the gold nanoparticle loading, which in turn
indicated the existence of a saturation mechanism with regards to the effectiveness
of the therapy [31]. In addition to nonspecific coating molecules, gold nanoparti-
cles have also been conjugated with peptides [32, 33] and antibodies [34] for more
specific tumor cell targeting.

In vivo applications of these surface modifications and improved tumor control
have yet to be reported. This indicates the difficulties encountered with in vivo
targeting, namely, that the uptake of the nanoparticles is not determined simply
by the affinity between the particles and the tumor cells, as it would be in vitro;
rather, the particle might be intercepted by the immune system before entering
the tumor. Due to a lack of lymphatic drainage, tumors may possess a higher
intracellular pressure, which in turn makes it more difficult for nanoparticles to
penetrate into tumor core, especially when the lesion is not well vascularized. In
addition, the very high loading required for radiosensitization (0.5-5%) may satu-
rate the cell uptake, with or without targeting moieties. Moreover, most cancer
patients today are treated with megavoltage X-rays that penetrate more deeply into
the tissue, for skin sparing and a higher dose conformality. The efficacy of gold
nanoparticles under these conditions would be adversely affected due to the lack
of a photoelectric effect.

733
Dose Enhancement of Physical Radiosensitizers

In order to quantify the enhancement in the physical dose, a quantity referred to
as the dose enhancement factor (DEF) is commonly used to describe the efficacy
of a radiosensitizer. A DEF of 2 indicates that, for 1Gy of radiation deposited to a
normal tissue, 2 Gy will be deposited within the high-Z material. A DEF of 1.2 or
higher is considered to be the threshold for determining whether a radiosensitiz-
ing agent is effective.

By using reported elemental attenuation and integration of the absorption over
the energy spectrum of the radiation source, the theoretical DEFs for elements
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with atomic numbers ranging from 25 to 90 can be calculated for a range of
concentrations and varying radiation energies [35]. For a tissue concentration of
0.5%, very little enhancement (DEF < 1.05) was obtained using “Co (1.25MeV),
Ir (317keV), *Au (412keV), ¥Cs (661keV), and 6-, 18- and 25-MV X-rays for
all elements. Unlike X-rays, y-rays from these isotopes do not have any low-energy
photon components that react with the high-Z material by the photoelectric effect.
With high percentages of low-energy photons, a DEF of ~1.65 was achieved with
80-140-kVp X-rays and gold nanoparticles at a single concentration. Lower-energy
brachytherapy sources, such as '”Pd (peak 362keV) and ' (35keV), resulted in
DEFs of 1.60 and 1.67. However, low-dose-rate brachytherapy takes several days
to several weeks to finish, which poses the question of whether the high-Z material
can be retained in the tumor for such a long period.

A Monte Carlo simulation was also conducted to calculate the dose enhance-
ment for 140-kVp X-rays, 4- and 6-MV photon beams, and '’Ir gamma rays [36].
For a gold nanoparticle concentration of 7mgg™ tumor, the dose enhancement
for 140-kVp X-rays was twofold, but for the MV radiation the enhancement was
only between 1% and 7%. This essentially ruled out its application in state-of-the-
art external radiation therapy using megavoltage X-rays. For '*’Ir, the dose enhance-
ment within the tumor region ranged from 5% to 31%, which was higher than in
other theoretical studies using attenuation tables. Although this number was not
as significant, as for the 140-kVp X-ray, it has more realistic clinical implications
as "!Ir is commonly used in both high-dose-rate and low-dose-rate brachytherapy.
The study also assumed a rather high biodistribution of gold nanoparticles; neither
was it clear how to achieve such concentrations without simultaneously sensitizing
the normal tissue. Auger electrons [37] produced by the interaction between X-rays
and the gold nanoparticles were neglected in this simulation. Although Auger
electrons constitute a small percentage of the energy deposition, they are high
linear energy transfer (LET) particles that may cause more double-stranded DNA
(dsDNA) breakage than would the physical radiation dose [38]. The main drawback
to taking Auger electrons into consideration is their extremely short range (ca.
10nm), since Auger electrons—and thus the gold nanoparticles that emit
them—must be within the cell nucleus and close to the DNA in order to cause
effective cell killing.

In addition to low-energy X-rays, both high- and low-energy electron beams were
investigated for their potential in combination with gold nanoparticles. The stop-
ping power of intermediate-energy electrons is proportional to the atomic number
of matter, and therefore should result in a weaker enhancement compared to low-
energy X-rays [39]. Nevertheless, a 10-fold enhancement in tumor cell killing was
observed with 60keV electrons, as well as enhanced apoptosis with 6 MeV electron
beams.

73.4
Radiation Therapy Enhancement Using Nonionizing Radiation

Gold nanoparticles react not only with ionizing radiation but also with other
energy sources, because of their high absorption coefficient and black color



7.4 Radiation Therapy in Combination with Photodynamic Therapy

[40]—features which are especially outstanding when a nanoshell structure is
engineered. Collective oscillations of the metal shell may happen occur when it is
irradiated with light, and the resonance frequency is tunable by adjusting the
thickness of the shell relative to the core. In order to optimize tissue penetration,
near-infrared (NIR) light is the most desirable, and silica-gold nanoshells can be
readily tuned to resonate with this frequency. In a study conducted by Hirsch
et al., human breast carcinoma cells incubated with nanoshells in vitro were found
to have undergone photothermally induced mortality on exposure to NIR light [41].
In this case, solid tumors treated with gold nanoshells were heated up by an
average of 37.4°C within 4-6 min, while the control tissue achieved a temperature
change of less than one-quarter of that.

It was also recently discovered that the photoabsorption coefficient of a nano-
particle was dependent not only on the structure of the nanoshell but also on its
concentration. By using a finite-difference time-domain analysis, Liu et al. showed
that the closer the nanoparticles were, the higher was the absorption achieved with
the gold nanoshells [42]. Whilst the theoretical development is still in its early
stages, the thermometry of gold nanomaterial-facilitated hyperthermia will rely on
empirical data and the real-time monitoring of temperature by modalities such as
ultrasound [43].

7.4
Radiation Therapy in Combination with Photodynamic Therapy Using
Semiconductor Nanoparticles as the Energy Mediator

7.4.1
Photodynamic Therapy

There are several similarities between radiation therapy and photodynamic therapy
(PDT). For example, both obtain energy from photons (albeit with very different
wavelengths), and both cause damage to tumor cells by way of secondary mole-
cules such as free radical species or singlet oxygen molecules generated from the
incident photons. Yet, PDT differs from radiation therapy in many other ways.
Typically, in PDT a separate drug is required, referred to as the photosensitizer,
which is activated by light and enters an excited state. Through intersystem cross-
ing, the excited state becomes a metastable triplet state that can exist for a few
microseconds. The triplet state reacts with molecules in the environment and
releases energy via type I and type II mechanisms. In the type I reaction, whether
through hydrogen-atom abstraction or electron transfer, free radical species such
as the superoxide radical anion are generated. In contrast, in the type II reaction,
which is considered to be the primary reaction in PDT, the triplet-state photosen-
sitizer reacts directly with the ground-state triplet molecular *O, to generate the
excited singlet '0,, which is highly reactive and toxic to cell membranes, lyso-
somes, and mitochondria.

Whilst PDT is used to treat many types of cancer, including skin, head and neck,
esophagus and bladder, it also has nononcologic applications. When applicable,
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PDT is effective, potent, and shows few severe side effects. However, one major
limitation of PDT is that the light required for activation has a shallow penetration.
For example, the wavelength of the activating light for the only FDA-approved
photosensitizer, Photofrin, is 620 nm; this has an attenuation coefficient of approx-
imately 1mm™ in tissue, and thus an effective treatment depth of 5mm. In order
to treat deep-seated solid tumors, optic fibers must be inserted into the patient,
either through orifices or through specific incisions. In addition, the light dosim-
etry is difficult to calculate, due to uncertainties from scatter, reflective light, and
the distribution of oxyhemoglobin, which is a strong absorber of red light. Recently,
new classes of photosensitizers, such as the phthalocyanines (Pcs), have been
developed to utilize longer wavelengths for activation. With activation in the NIR
band, the treatment depth can be increased, in practical terms, from less than 1cm
to several centimeters [44].

Photosensitizers have also been tested for use as radiosensitizers [45-50], with
moderate radiosensitization having been observed in several aggressive mouse
and human cell lines, both in vitro and in vivo. The mechanism is not completely
understood since, in theory, photosensitizers such as the porphyrins used in
these studies have a narrow absorption spectra and cannot be excited by X-rays
directly to generate singlet oxygen. Nonetheless, a plausible theory was proposed
and tested by Luksiene et al. [45], that ligands of the peripheral benzodiazepine
receptors (PBR), which is overexpressed in aggressive tumor cells, might diminish
the cell growth. Dicarboxylic porphyrins are the ligands for such receptors, and
in these experiments the primary effect of the photosensitizers was anti-prolifer-
ation rather than to cause apoptosis, which is a more common effect of singlet
oxygen. Thus, the working mechanism of photosensitizers as radiosensitizers
more closely resembles that of the aforementioned chemical radiosensitizers. The
use of more penetrating X-rays, however, would require the presence of an energy
mediator.

7.4.2
Semiconductor Nanoparticles as the Energy Mediator for Photodynamic Therapy

Nanoparticles were first used as a delivery vehicle to facilitate PDT. Most photo-
sensitizers, including porphyrins and phthalocyanines (Pcs), are not highly water-
soluble and tend to aggregate in tissue; such aggregation would then lead to an
impairment of the efficiency of the photochemical activities. Gold nanoparticles
coated with Zn-Pc were synthesized as a more efficient hydrophilic PDT delivery
system, while biodegradable liposome nanoparticles were also used to facilitate
the transportation of photosensitizer molecules to the tumor sites [51]. In addition
to facilitating the localization of PDT, nanoparticles were also used to improve the
energy transfer efficiency. Photosensitizers have low extinction coefficients (atten-
uation coefficient) that can be improved by conjugating them to nanoparticles with
high extinction coefficients. In this respect, Samia et al. first showed that CdSe
quantum dots (QDs) could be used to mediate energy from UVA light to a PDT
agent via a Forster resonance energy transfer (FRET) mechanism. QDs can be
used to excite conjugated Pcs [52]; indeed, Tsay et al. [53] reported a three- to
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fourfold higher singlet oxygen yield from the QD /photosensitizer conjugate com-
pared to the photosensitizer alone.

In order to utilize the more penetrating NIR light, much effort was expended to
convert NIR light to visible photons that could be used to excite the conjugated
photosensitizer. Currently, two mechanisms have been recognized as capable of
converting the energy from two photons with a lower energy (longer wavelength)
into one photon with a higher energy (shorter wavelength). So-called simultaneous
two-photon absorption requires a single nonlinear optical conversion with a com-
bined energy sufficient to induce transition from the ground state to an excited
electronic state. The second conversion relies on sequential discrete absorption and
luminescence steps, where at least two metastable energy states are involved, the
first state serving as a temporary excitation reservoir. The energy in the reservoir
is later combined with the second photon, such that a second higher excitation
state can be reached. A higher energy photon can then be emitted from this state.
In the first mechanism, a virtual intermediate state is involved from the quantum
mechanical view, and the two excitation photons must be coherent. This situation
is only achievable by a laser source with an extremely fine temporal resolution
(10"s). In the second mechanism, because of the intermediate metastable state,
the demand for resolution from the excitation source is much lower, but that for
efficiency is much higher.

The opposite of upconversion is a more intuitive and more efficient process that
converts photons with higher energy to the visible range for photosensitizer excita-
tion. This concept was first explored by Samia et al., using QDs as energy media-
tors to more efficiently excite conjugated photosensitizers with UV light [52].
Although UV light is less penetrative than visible light, this energy pathway is
important in the combination of radiation therapy and PDT. However, before
discussing the role of QDs and other fluorescent nanoparticles in radiation therapy,
it might be worth examining the physical characteristics of QDs and similar
photoluminescent nanoparticles.

7.4.3
Quantum Dots

For a bulk semiconductive material, the band gap is determined by the chemical
composition of the material, not by its size. However, when the size of the semi-
conductor material is reduced to the Bohr radius of 1-5nm, the quantum confine-
ment effect emerges and the nanoscaled semiconductive materials, also named
QDs, behave like a single atom with discrete energy states. The energy levels can
be solved by the Schrodinger equation. Assuming spherical symmetry, the energy
levels of a QD can be expressed by:

ho, 1

E,(QD)=E, o+ ——ml_
£(QD)=Eyo 87*m,, R

where o, are the energy states (n=1,2,3 ..., 1 =s,p,d ...) similar to a single atom,

h is Planck’s constant, E,, is the band gap of the bulk material, R is the radius of
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the dot, and m,, = m, - m, is the effective mass of an electron-hole pair (exciton).
It is clear that the energy level is proportional to the inverse square of the radius.
Therefore, by fine-tuning the size of the particle, a full spectrum of visible light
can be obtained. Quantum confinement was first described in theory [54-56] and
investigated experimentally as the QD by Alivosato and Bawendi [57, 58]. In addi-
tion to the high quantum yield, QDs also have a highly modifiable surface to attain
biocompatibility and molecular targeting, which makes them attractive agents for
molecular imaging. Because QDs can be excited by a broad range of photon
energy, they are ideal energy mediators for the combination of radiation with
photodynamic therapy.

One major obstacle to the biological application of QDs is their potential toxicity.
Typically, QDs have a cadmium core, which is normally encapsulated by a bioinert
shell structure composed of ZnS. However, in biological applications, it not
uncommon to further coat the QDs with a layer of PEG to improve their water
solubility and biocompatibility. Although the core of QDs is between 2-5nm in
diameter, when combined with the shell, PEG layer and additional biological
functionalization, the hydrodynamic diameter of QDs may approach 25nm.
Although particles of this size cannot be cleared by the kidneys, the long-term
circulation of QDs in the body may cause the shell structure to be broken down,
allowing Cd** ions to leak into the cytoplasm and cause cytotoxic effects. Official
conclusions on QD toxicity have not been easily drawn [59], largely because such
toxicity can be affected by many environmental and intrinsic variables, including
particle size, charge, concentration, outer coating bioactivity (capping material and
functional groups), and stability towards oxidation, photolysis, and mechanical
force, all of which can affect QD toxicity [60]. Due to such variation, and also to
the fact that the quality of QDs varies significantly across manufacturers, it may
be difficult to compare the results of toxicology studies. In any case, these uncer-
tainties surrounding the toxicity of QDs have been a major roadblock for their
further human application, and consequently efforts to develop other photolumi-
nescent nanoparticles have been undertaken to circumvent this long-term obsta-
cle. Notably, ZnS nanoparticles doped with Mn** [61] or Eu*" [62] have been
fabricated, both of which were photoluminescent and magnetic, making dual
optical and MRI applications possible. In addition to ZnS semiconductive nano-
particles, silicon nanoparticles [63], carbon dots [64-66] and SiC-based QDs [67]
have each been synthesized. All of these have similar photoluminescent properties
and, reportedly, low or negligible toxicities. Although most current biological
applications using photoluminescent nanoparticles continue to use the CdSe QD
due to its more mature surface modification and availability, toxicity concerns over
released Cd** ions are likely to be clarified or circumvented in the near future.

7.4.4
Photoluminescent Nanoparticles in Radiation Therapy

With its obvious photoluminescence ability and wide absorption spectrum, it is
natural to consider the QD as a potential candidate to transfer its energy to chemi-
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Therapeutic X-ray

Figure 7.6 Proposed mechanism of photoactivation resulting
in oxidative radicals and cellular toxicity. FRET = Forster
resonance energy transfer; PS = photosensitizer;

QD = quantum dot.

cally bonded photosensitizers. In order to utilize more penetrating X-ray photons
as the excitation source, the innovative idea of combining radiation therapy and
PDT to excite nanoparticles in the deep tissue was first proposed by Chen et al.
[68]. Thus, it was demonstrated, in a proof-of-principle study, that excitation by kV
X-rays would induce fluorescence and phosphorescence in nanoparticles.
Although, strict speaking, the particles used were not QDs, the concept was readily
adapted by Yang et al. [69, 70], who combined QDs and MV radiation therapy for
more clinically relevant applications in which linear excitation with an X-ray dose
was also demonstrated.

The energy transfer pathway depicted in Figure 7.6 shows that the QD is first
excited by therapeutic X-rays, and its energy is then transferred to the chemically
conjugated photosensitizer by FRET. The excited photosensitizer then releases
energy by type I and type II reactions to generate free radicals or singlet oxygen.
The conjugation chemistry is shown in Figure 7.7. The carboxylic acid group on
the Photofrin is activated by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), and then reacts with the amine group on the QD to form a covalent bond.
Figure 7.8 shows that the fluorescence emission of QDs is quenched in the con-
jugate. Instead, energy from the QD is transferred to the Photofrin, which emits
characteristic photons with the wavelength of 630nm.

FRET is an important pathway for the transfer of energy without fluorescence
through the dipole—dipole coupling of two conjugated molecules [71]. The FRET
efficiency (1) can be calculated by the separation distance between the QD (donor)
and the photosensitizer molecule (acceptor) using [71, 72]:

1
r 6
1+ (f)
R,
where r is the actual separation distance and R, is the Forster distance. It is clear

that the energy transfer efficiency is 0.5 when the actual separation is the same as
the Forster distance, which can be calculated from [73]

n= (7.1)

Ry =(BQ,I)"* (7.2)



266

7 Nanomaterials for Radiation Therapy

Conjugation Chemistry

2V Lo

O/ﬁ)\o/
/! (o]
OH \ o
NH2
Sulfo-NHS ( ) ( )
’ QD A O)‘\ N

Figure 7.7 Conjugation of Photofrin to the amine-terminated quantum dots by EDC chemistry.
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Figure 7.8 Emission of the quantum dots and the QD/
Photofrin conjugate excited by 400nm UV light. The QD
emission is quenched in the conjugate, but a Photofrin
emission at 630nm is observed.

where Qp is the quantum yield of the donor, I is the spectral overlap between the
QD and Photofrin, and B is a constant that can be expressed as

p=[2000In(10)]k; (7.3)
1287°ni N,

In this equation, n; is the refractive index of the medium, k; is the orientation
factor, which varies from 0 (when the dipoles of the donor and the acceptor are
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perpendicular) to 4 (when they are parallel), and N, is Avogadro’s constant. Since
Equation 7.1 was traditionally used to describe the energy transfer between two
molecules with smaller size than a semiconductor nanocrystal, it was not initially
clear whether it could be applied to the QD/small organic molecule conjugate,
because the size of a PEG-coated QD with a core shell structure is several orders
of magnitude larger than the conjugated molecule. Pons et al. [74] conducted an
elegant experiment using self-assembling CdSe/ZnS core-shell QDs decorated
with a series of Cy3-labeled beta-strand peptides of increasing length. The bridging
peptides were rigid and had fixed lengths, as confirmed by electron microscopy.
Using this system, the FRET efficiency as a function of the separation distance
was determined and a very good agreement between Equation 7.1 and the experi-
mental measurement was observed.

Because of the large gradient introduced by the sixth order term, the uncertain-
ties in estimating r, and the possibility of multiple conjugation points between the
QD and photosensitizer molecules, the efficiency is more commonly determined
by experimental quenching. QDs have limited channels through which to release
their energy upon excitation. In this case, the energy must be released by either
photon emission, FRET, or other channels such as singlet oxygen emission
through the triplet state of the QD. It was demonstrated that the last pathway
constitutes less than 5% of the total energy release [52], leaving the first two com-
peting against each other for the remaining 95%. Therefore, the efficiency can be
expressed as [74, 75]:

Loy
n=1--2 (7.4)

which compares the emission of photons of the QD simply mixed with the accep-
tor molecule without conjugation (Igp) to the emission of the QD when conjugated
(Lonj)- The percentage of energy transferred to the acceptor by FRET can thus be
determined. Using energy quenching, high FRET efficiencies between QDs and
conjugated Photofrin were reported by several groups, ranging between 58% [76]
and 77% [52].

Another factor that can affect the FRET efficiency is the number of acceptors
conjugated to the donor. Because QDs have large surfaces that are usually func-
tionalized with multiple binding sites, more than one acceptor can be attached to
a single donor. It was reported that n multiply bound acceptors can increase the
FRET efficiency according to the following equation [77],

nR§
= nR§ +r° 73)
Yang et al. [70] showed that the FRET efficiency increased with the number of
Photofrins conjugated to the surface of the QD, which was terminated by multiple
amine groups (Figure 7.9). When the number of Photofrins per QD in the conju-
gation chemistry was increased to 20, the FRET efficiency approached 100% [69],
following the curve shown in Figure 7.10.
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efficiency determined by the quenching experiment in Figure

7.9. The trend line follows Equation 7.5, and shows that the

efficiency approaches 100% as more Photofrins are

conjugated to the QD surface.

It was also pointed out [77] that Equation 7.4 is valid only when the number of
acceptors bound to a QD is uniform; in practice, the heterogeneity in conjugate
valence—that is, the acceptor to donor ratio—can vary significantly. In such cases,
the FRET efficiency for multiple acceptors bound to the QD is more precisely
described by a Poisson distribution as follows:
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n(N) =

(7.6)

where N is the nominal valence and n is the actual number of acceptors bound to
a donor.

With the FRET efficiency determined experimentally, it is possible to estimate
the singlet oxygen produced from a given amount of radiation. The number of
singlet oxygens produced in a cell was estimated by Morgan et al., based on LaF;
luminescent nanoparticles [78], using the following formula:

Ny, =3.2DMv®,,, (7.7)

where D is the radiation dose in Gy, M is the absorption of the nanoparticle cores
relative to that of tissue and is heavily dependent on incident X-ray energy, v is
the concentration of the nanoparticle, and ®,,, is the energy transfer efficiency.
The conversion factor of 3.2 comes from the fact that 1Gy of radiation deposits
3.2MeV to a cell with an estimated volume of 0.52 pl. A wide range of nanoparticle
cell loading values between 0.1% and 5% was reported [78]. The lower Niedre limit
[79] of 5.6 x 10" was used as the number of singlet oxygen molecules per cell for
effective tumor cell killing. The FRET efficiency was assumed to be 0.75, and the
quantum yields of the LaF; nanoparticle and the photosensitizer were 0.5 and 0.89,
respectively. It was also assumed to generate 3.9 x 10° photons per 1 MeV of radia-
tion using the excitation wavelength of 480nm. The resultant singlet oxygen
production as a function of radiation dose is plotted in Figure 7.11. Because of the
photoelectric effect at lower energy and higher atomic numbers of the LaF;, low-
energy X-rays generate significantly higher numbers of singlet oxygen molecules.
For MV X-rays used in state-of-the-art intensity-modulated radiation therapy, the
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Figure 7.11 Theoretical singlet oxygen production as a
function of radiation dose from various energy sources.
Reproduced from Ref. [77], with permission.
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required dose is close to 100 Gy, which itself can likely eliminate the tumor cells,
without the use of PDT. Therefore, the role of the nanoparticle conjugate is dif-
ferent in different X-ray energy ranges. In the low-energy range, PDT can be the
dominant mechanism for tumor cell killing, but for high-energy X-rays the role
of the nanoparticle conjugate is as a radiation sensitizer or enhancer.

It is important to realize that this theoretical calculation is limited by a number
of factors. The Niedre killing limit was derived based on a singlet oxygen measure-
ment that has very low detection efficiency. A cell loading of 5% is likely to be an
overestimate, particularly for in vivo experiments. The energy deposition to nano-
particles from radiation may have underestimated the contribution from scatter
photons and electrons from surrounding molecules, such as the shell and PEG
coating of the nanoparticles. The radiation dose is defined as the total energy
deposited in a finite volume, and it may be different than the dose received by a
microscopic particle with atomic number significantly higher than the surround-
ing material. Therefore, Figure 7.11 can only be used as an order of magnitude
estimate; the actual biological effect will need to be quantified experimentally
using in vivo and in vitro assays.

An alternative way to estimate the physical energy transfer is to compare the
energy deposition from X-ray therapy and conventional PDT as follows, using
CdSe QDs as the energy mediator.

Assuming that Compton scattering is the dominant effect for 6 MV radiation to
interact with the media, the energy transferred to Photofrin per mass can be
expressed as:

Ec = nDp,M (7.8)

where D is the radiation dose, p,, is the molar concentration of the conjugates, 1
is the FRET efficiency, and M is the molar mass of the conjugates. 7 is assumed
to be 0.76 based on the quenching data reported by Yang et al. [70].

The molar mass of QDs (CdSe core and ZnS shell, PEG coating, amine termi-
nated; Evident, Troy, NY, USA) is distributed between 1 x 10°gmol™ and
3 x 10°gmol™. The molar mass of Photofrin is 600 gmol™ (both values are pro-
vided by the manufacturer). Because the excitation efficiency of the Photofrin by
520nm light is approximately threefold greater [80-84] than the excitation effi-
ciency by the 630nm light used clinically, the energy transferred to Photofrin per
gram of tissue (assuming a tissue density of 1 gml™) at depth d in this conventional
PDT is

(7.9)

where yis the photon energy density, converted to energy per mass by the 0.1cm
in the denominator, ks the attenuation coefficient ~1mm™ [85] and p is the clini-
cally achieved tissue concentration ~107° [86]. t is the percentage energy deposited
to 1mm of tissue, as follows:
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Ec can be derived by Equation 7.8:

Ec=nDp,M
=0.76 X 50 Gy x 24 pmol g™ X 2 x 10° g mol™*
=18x107 g (7.11)

As for the conventional PDT, the energy deposited at 0.5cm depth, based on
Equation 7.9, is

1
Ep=ye % x0.37
1cm

=0.33x80xe” x107°x10x0.37
=6.6x107]g? (7.12)

In Equation 7.11, 50 Gy was used as the typical clinical radiotherapy dose; as a
result, Ec was 27% of Ep. It is important to note that the energy deposition here
is calculated to the Photofrin only. If converted to the tissue dose, the energy depo-
sition would be 10° greater in the calculation for traditional PDT, resulting in
0.66] g™, which agrees well with previous estimates of 0.3 to 1] g™ [87, 88]. This
theoretical calculation therefore demonstrates that the energy transferred to Pho-
tofrin using standard-dose X-rays is comparable to the low-dose end of a conven-
tional PDT procedure. The result is consistent in its order of magnitude with the
calculation reported by Morgan et al. [78], confirming that the role of the conjugate
in MV radiation is in the category of radiation sensitizer.

Biological verification of the efficacy of the conjugate is relatively scarce at the
time of writing of this chapter. The only biological testing published to date has
demonstrated that with the conjugate, radiation therapy to a lung carcinoma cell
line was sensitized significantly [70], as shown by Figure 7.12. QDs alone, however,
did not sensitize the tumor cells at all, confirming that the amount of singlet
oxygen production by QD alone when excited by X-rays is insufficient [52] to cause
any biological effects. It is also verified that Photofrin alone is insufficient to sen-
sitize this particular tumor cell line without QDs as the energy mediator.

While progress has been made in the synthesis of material for and characteriza-
tion of QDs, further in vitro and in vivo testing is clearly needed to determine the
potential of this method.

7.5
Nanobrachytherapy

Radiation therapy has been used to treat almost all types of cancer, with varying
degrees of success. Currently, there are two limiting factors in radiation therapy:
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Figure 7.12 The survival fraction of cells receiving radiation or radiation and drugs [37].

¢ When the position and shape of the solid tumor is known, but there is not a good
way to deliver a sufficiently high dose to the tumor without severe side effects.

e When the exact location of the tumor is unknown, or the tumor cells are highly
fragmented, as is the case for microscopic tumors that present in 60% of cancer
patients [89].

Although positive lymph nodes are commonly included in the planning target
volume (PTV) of the radiation treatment, it is impossible to treat all of these
micrometastases without a lethal total body irradiation. The presence of microme-
tastases correlates to a higher chance of recurrence and a poorer prognosis
[90-92].

To overcome the first limitation in some applicable cases, one invasive means
of delivering radiation more conformally to the tumor is by a technique referred
to as brachytherapy (Latin: brachy = short or contact; this contrasts with external-
beam radiotherapy, where the radiation source is much further from the patient).
Brachytherapy is a subcategory of radiation therapy in which one or more radioac-
tive seeds are physically inserted into the patient to make contact with the tumor
for a given amount of time, depending on the prescription dose and source activity.
Because of the geometrical proximity and the utilization of less-penetrating lower-
energy Y-rays or B-particles in brachytherapy, the radiation dose is generally more
conformal to the tumor [93]. Brachytherapy has gained wide application in the
treatment of prostate, cervical, and other type of cancers [94].

Besides the problems introduced by the invasive nature of brachytherapy, unfor-
tunately it cannot be used to treat tumors without knowing the exact location of
the tumors, or if there are diffusive micrometastases instead of a solid tumor. The
most common method of detecting these micrometastases is immunocytochemistry,
using antibodies that bind preferentially to tumor cells. Interestingly, this method
is very similar to radioimmunology, where the cells are radiolabeled by antibodies.
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It is intuitive to apply these technical advances to a “smart” radiation therapy
method that can use, instead of macroscopic brachytherapy sources, millions (or
even billions) of small radiation sources that can target the tumor cells and deliver
the therapeutic dose. In that way, both the geometric conformality can be improved
and the micrometastases with uncertain locations can be tracked and killed. This
is basically the concept of radioimmunotherapy or molecular radiation therapy.

Research into radioimmunotherapy began in the 1950s, when "'I-labeled poly-
clonal antibodies were used to treat metastatic melanoma [95]. Today, two radioim-
munotherapy drugs—Bexxar ("'I-tositumomab) and Zevalin (*Y-ibritumomab
tiuxetan) —have been approved to treat non-Hodgkin’s lymphoma. These target
different regions (i.e., epitopes) on the B-cell-associated CD20 antigen, and treat
this particular type of disease very effectively. Radioimmunotherapy has also been
tested on various other types of metastatic and solid tumors, using antibodies and
peptides to target the tumor cells. Radionuclides, such as the o-particle emitters
?BBi and *Ac, conjugated to HuM195 (a humanized antibody to CD33) are cur-
rently being (or have been) tested in clinical trials. These applications are reviewed
by DeNardo et al. [96] and Sgouros et al. [97] among many other authors.

Nanoparticles were recently introduced in radioimmunotherapy as functional
carriers for both the radioactivity and the antibodies. There are several distinctly
different nanoscaled carriers, including liposomes, nanoparticles and dendrimers,
to deliver therapeutic isotopes to the tumor cells. In order to differentiate this
method from traditional radioimmunotherapy that does not use nanodevices, the
term “nanobrachytherapy” was coined [98].

In general, radionuclides used for therapeutic purposes emit radiation with very
short ranges so as to reduce collateral damage to surrounding normal cells. Hence,
Auger electron-, o-particle- and B-particle-emitters are commonly selected, with
ranges from several nanometers to 10mm [99]. Compared to B-particles, Auger
electrons and o-particles have 10- to 100-fold higher linear energy transfer (LET)
coefficients that result in more irreparable DNA double-strand breakage. A list of
commonly used therapeutic radionuclides is provided in Table 7.1. The selection
of a radionuclide depends on the application, and how close it be maneuvered to
the tumor.

The role of nanostructures in the delivery of radionuclides is to make the drug
more stable before reaching the tumor cells, to allow evasion of the reticuloen-
dothelial system (RES), if the liver or spleen are not the target, and to promote
binding to the tumor cells for as long as possible so as to increase the therapeutic
ratio. Depending on the composition, nanoparticles often add new properties,
such as magnetism, to the drug. To facilitate these functions, the following carriers
have been used.

7.5.1
Liposomes

A liposome is a lipid bilayer structure, usually with a hydrophilic outer layer
and a hydrophobic inner layer, that encloses active agents. Liposomes are

273



274

7 Nanomaterials for Radiation Therapy

Table 7.1 Characteristics of common radionuclides used for radioimmunotherapy.

Radionuclide  Emission type  Halflife Ermax (keV) Range Production

15Re B, v (9.4%) 89.2h 1069 5mm %Re(n, v), *Re

“Ho B, v (6.7%) 26.9h 1853 10.2mm  ®Ho(n, y), **Ho

8Re B, v (15.1%) 17.0h 2120 11mm 185\ /'®*Re-generator

Sy B 52.7 days 1463 3mm 8Sr(n, y), #Sr

2p B 14.3 days 1710 8.7mm “S(n,p), P

0y B 64.1h 2280 12mm %Sr/*Y-generator

Ac o 10 days 5830, 5972, 40-80um  **Ra-generator
5790, 5732

AL o 7.2h 5870 60-80um  Accelerator

B4 o 45.7min 5869 50-80um  **Ra-generator

self-assembling nanostructures that have been used to enclose imaging radionu-
clides in a large number of studies, but their therapeutic applications have been
relatively few and less mature due to the more stringent requirements relating to
the specificity and the higher radiation doses involved in radiotherapy. In vitro
feasibility tests were first conducted using radioactive oxodichloroethoxy-
bis-triphenylphosphine '®Re and '**Re in liposomes, but the in vitro stability was
not satisfactory [100]. Further in vivo testing was performed with high-energy B-
particle emitters [101] to deliver radiation to avascular prostate carcinoma sphe-
roids. Because of the longer penetration of the high-energy B-particles, radiation
can be delivered to the core of a tumor, even if it is not well perfused, and carefully
selected surface properties can improve tissue penetration. A cholesterol-stabilized
small unilamellar vesicle (SUV)-dimyristoyl-phosphatidylcholine (DMPC) showed
an increased penetration into the avascular tumor and improved dose homogene-
ity. The preliminary testing of o-particle-emitters was also conducted, focusing
primarily on the stability of the liposome structure. It was shown that for hydrophilic
o-particle emitters, the retention rate can be as high as 88%, mainly because the
hydrophobic inner layer of the liposome can prevent loss of the radionuclide [102].
Whilst further in vivo testing is clearly required needed to validate these techniques
before they can be used on human patients, the preliminary results have shown
much promise.

7.5.2
Nanoparticles

Although the material is different, the purpose of nanoparticle-facilitated radionu-
clide delivery is the same as for liposomes. However, in addition to facilitating
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drug delivery, nanoparticles may add functionality to the radionuclide delivery
system. For example, "**Re-radiolabeled magnetic nanoparticles were synthesized
to deliver radiation to a superficial lesion, guided by an external magnetic field
[103]. For this, amino-functionalized superparamagnetic iron oxide nanoparticles
(SP1Os) were synthesized and conjugated with Hepama-1, a humanized mono-
clonal antibody directed against liver cancer, to prepare immunomagnetic nano-
particles (IMN) [104]. The '"¥Re-IMN demonstrated an ability to kill SMMC-7721
liver cancer cells efficiently in vitro, while the SPIOs were investigated for their
ability to introduce negative MRI contrast at very low concentrations [105]. There-
fore, theranostic (therapeutic + diagnostic) functions may be performed with a
single naonocomposite.

%Y is another popular radionuclide that has been used to target the process of
angiogenesis in endothelial cells of rapidly growing tumors. For example, a sig-
nificant tumor growth delay was observed in mice treated with *°Y-labeled nano-
particles that had been lined with a small integrin antagonist (IA) (IA-NP-90Y), or
to a monoclonal antibody against murine VEGF receptor 2 (Flk-1), compared to a
group of mice treated with the *Y-labeled nanoparticle alone [106].

As a further demonstration of the versatility of nanoparticles, the magnetism
introduced by the nanoparticle may be utilized to kill the cells with heat generated
from an external alternating magnetic field (AMF). For example, '"'In-mAb-con-
jugated iron oxide nanoparticles ("'In-bioprobes) have been shown to be capable
of targeting tumors in vivo and subsequently inducing tumor cell necrosis in
response to an externally applied AMF [107].

7.5.3
Dendrimers

Dendrimers are highly branched macromolecules with a central core molecule
and tree-root-shaped arms that grow outwards (Figure 7.13). Dendrimers can be
grown from a central core, a process known as the divergent method [108], or by
Fréchet’s convergent method, in which the dendrimer is synthesized from the
periphery inwards [109]. Dendrimers are generally characterized by their terminal
branch point, called the generation, such that a G5 dendrimer refers to a polymer
with four generations of branch points from the central core. The synthesis of
dendrimers can be precisely controlled, resulting in a monodispersed distribution
in the size and chemistry with highly configurable termination groups, while their
biological properties can be tuned by altering the polymer size, charge, and com-
position. As a consequence, dendrimers have become an ideal delivery vehicle
candidate to adapt to different biological goals such as lipid bilayer interactions,
cytotoxicity, internalization, blood plasma retention time, biodistribution, and
filtration [110).

Dendrimers have undergone testing for both imaging and therapeutic applica-
tions. Although, in imaging applications, dendrimers are characterized by a low
delivery efficiency, it is acceptable to have less than 1% of the radioactivity deliv-
ered to the tumor, even with antibody for targeting. Therapeutic applications, in
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contrast, require higher delivery rates, although certain features of the tumor cells
make the delivery of nanoparticles difficult. First, tumors are usually poorly vas-
cularized, with regions that are not well perfused. Second, in the absence of
lymphatic fluid in the tumor, it is common for the intratumor pressure to be
higher than that of the surrounding tissues. Most importantly, tumor cells are
highly mutating and may inactivate the antigen used for targeting. Whilst these
limitations have kept the therapeutic applications of dendrimers to a minimum,
a few studies have reported on the use of radioactively labeled dendrimers for
in vivo tumor delivery.

Among the few in vivo applications of dendrimers, Khan et al. used an intratu-
moral injection for a higher tumor dose. For this, a radioactive gold-dendrimer
composite nanodevices (CNDs) was fabricated in distinct sizes for targeted radi-
opharmaceutical dose delivery [98]. The system was based on the poly (amidoam-
ine) (PAMAM) dendrimer nanoparticles, and poly '’ Au, was transformed through
a simultaneous y-ray-induced polymerization process and bombardment by neu-
trons to generate radioactive poly ®Au. A mouse melanoma tumor model was
used to test whether the poly "®Au, CNDs could deliver a therapeutic dose. A single
intratumoral injection of poly '®Au, CNDs (diameter 22nm) in phosphate-buff-
ered saline to deliver a dose of 74uCi, resulted after eight days in a statistically
significant 45% reduction in tumor volume, when compared to untreated groups
and those injected with the nonradioactive nanodevice. The positively charged
dendrimers were also found to be better at evading the RES system and thus to
remain in the tissues for longer times. Dong et al. [111] used **P-nanocolloids (**P
is a B~ emitter with an energy of 1.709 MeV and a half-life of 14.28 days) with sizes
distributed around 47.5 nm to treat micrometastases in the lymph nodes of rabbits.
Following treatment the number of metastatic lymph nodes was seen to decrease
significantly, although the nanocolloid was not functionalized to target the tumor
cells in specific fashion.

Dendrimers have also been studied for their ability to carry radionuclides to
tumors in nanobrachytherapy. To test such targeting ability, a murine monoclonal
IgG1 was attached to '"'In- or '**Gd-labeled G4 dendrimers, such that a markedly
high specific activity was obtained with a minimal loss of immunoreactivity
although, unfortunately, high concentrations of radiolabeled dendrimer were
detected in the liver and spleen. A high RES retention was also observed with a
dendrimer-based boron capture therapy [112]. It appears that, although antibody-
or epidermal growth factor-labeled dendrimers have the ability to target and infil-
trate the tumor cell membrane [113], RES retention remains problematic for
in vivo applications.

7.6
Nanoparticles as Radioprotectors

Approaching from a different direction, the therapeutic ratio can be improved by
protecting normal tissues against radiation damage. Radiation-induced injury to
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cells is caused primarily by the free radicals generated by excitation and ionization
events during the interaction of radiation with the tissue; consequently, free radi-
cals have been the primary target of research in radiation protection.

Amifostine is the only approved treatment for radioprotection in head-and-neck
cancer patients [114]. Amifostine releases active thiol metabolites that scavenge
superoxide radicals generated from ionizing radiation, although its common side
effects include hypocalcemia, diarrhea, nausea, vomiting, sneezing, somnolence,
and hiccoughs. More serious side effects include hypotension (in 62% of patients),
erythema multiforme, Stevens—Johnson syndrome, toxic epidermal necrolysis,
immune hypersensitivity syndrome, erythroderma, anaphylaxis, and loss of con-
sciousness. These side effects have prevented the wider application of amifostine
in radiation therapy.

Recent nanotechnology-based molecular engineering advancements have pro-
duced new classes of molecules, such as cerium oxide (CeO,) (Figure 7.14), which
were developed as potent free radical scavengers [115]. CeO, is a rare earth oxide
material from the lanthanide series of the Periodic Table. Cerium nanoparticles
are highly efficient redox reagents, and are used in various applications such as
ultraviolet absorbents, oxygen sensors, and automotive catalytic converters. All of
these applications are based on the ability of CeO, to reduce oxidation species in
a catalytic manner [115]. The cerium atom can exist in either the +3 (fully reduced)
or +4 (fully oxidized) state. In its oxidative form, CeO, also exhibits oxygen vacan-
cies, or defects, in the lattice structure, through loss of oxygen and/or its electrons,
alternating between CeO, and CeO, during redox reactions. The change in
cerium valence during a redox event subsequently alters the structure of the oxide
lattice, possibly creating additional oxygen vacancies by lattice expansion [115].
This electron translation within the lattice provides reducing power for free radical

50nm

Figure 7.14 Transmission electron microscopy (TEM) image of cerium oxide nanoparticles.
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scavenging. After the scavenging event, the original lattice structure may be regen-
erated by releasing H,O, while the cerium atom returns to the +3 state. It was also
reported that the redox efficiency of CeO, was inversely proportional to the CeO,
nanoparticle size [115]. By using nanosized (10-20nm) CeO, particles, both high
antioxidant efficiency and cell penetration can be achieved.

CeO, nanoparticles may offer radiation protection to cells. It has been reported
that CeO, particles can protect 90% of normal cells against 10 Gy of radiation, with
minimal tumor cell protection [116]. The mechanism behind the different protec-
tions is not entirely clear, but it may arise from the differential uptake of the
particles, though this has not been proven. Another plausible mechanism was
proposed by Cohen-Jonathan et al. [117], who hypothesized that tumor cells expose
more bases of the chromatin structure as targets for free-radical attack. The greater
number of vulnerable sites in tumor cells renders the radiation protection by CeO,
more difficult.

As CeO, can reduce large numbers of free radicals more rapidly than amifostine,
it is suitable for use as a radioprotector during standard radiation therapy. As the
burst of free radical generation that occurs during radiation is completed within
milliseconds of treatment, the longer retention time of the CeO, nanoparticle
means that fewer infusions will be required during radiation treatment. In a toxi-
cology study conducted by Rzigalinski et al. [115, 118], CeO, did not exhibit any
toxicity in neuronal and macrophage cell lines as long as the particle size was less
than 20nm [118]. In the only reported in vivo study in mammals, CeO, resulted
in a more than twofold longer survival of mice as compared to the amifostine-
treated group after total body irradiation [119], which usually results in multiple
organ toxicity. The results of these initial studies have suggested that the CeO,
nanoparticle is an attractive candidate for clinical development as a novel radio-
protector. Application in thoracic radiotherapy seems a particularly logical choice,
given the high sensitivity of normal lung tissue to radiation, which limits curative
treatment for many patients.

Carboxyfullerene (C60) is another nanomaterial with potential to scavenge free
radicals [120-122]. Generated by ionizing radiation, carboxyfullerene has been
described as a free radical “sponge” that can add multiple radicals to a single
nanoparticle. Carboxyfullerene has been shown to prevent hydrogen peroxide- and
cumene hydroperoxide-elicited changes in the rat hippocampus, and also to
provide an effective protection of human keratinocytes against UVb radiation
[123]. C3, a regioisomer of water-soluble carboxyfullerene has also been tested for
radioprotective function. A protection factor (defined as the ratio of survival
with and without C3) of up to 2.38 was demonstrated in normal hematopoietic
progenitor cells, but much less protection was observed in mouse and human
tumor cell lines [124]. An anti-oxidative stress action of C3 was also observed
after C3 treatment of Sod2”/~ mice, which lack expression of mitochondrial man-
ganese superoxide dismutase; their life span was increased by 300% [125]. Further
experiments conducted by Yin et al. showed that reactive oxygen species (ROS),
superoxide radical anions, singlet oxygen and hydroxyl radicals can be effectively
inhibited by the fullerenes. This report also revealed that the radical-scavenging
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ability is affected by surface chemistry-induced differences in electron affinity and
physical properties, such as the degree of aggregation [126].

An important aspect of effective radioprotection is that it should not protect
tumor cells, which would render the drug useless. Amifostine is effective
because it and its metabolites are present in healthy cells at 100-fold greater con-
centrations than in tumor cells. Although the aforementioned studies on CeO,
and carboxyfullerene have shown the preferential protection of normal cells, the
mechanisms are not as clear, and further studies must be conducted to resolve
this problem.

7.7
Radiation Dosimeters Using Semiconductor Nanomaterials

To calibrate a radiation delivery device or ensure accurate dose delivery in radiation
therapy, the radiation dose must be measured with a dosimeter that converts
radiation energy to signals which can be stored and detected. Conventional dosim-
eters, such as ion chambers, diodes, thermoluminescent dosimeters (TLDs) and
metal-oxide semiconductor field effect transistors (MOSFETS), are used to convert
the radiation to electrical signals, photoemission or a shift in the threshold voltage.
The choice of dosimeter depends on the requirements of the application, the
desired accuracy, convenience and accessibility, and it can be difficult to optimize
all of these factors at once. For example, an ion chamber paired with an electrom-
eter can be used to measure radiation dosage accurately and reproducibly. This
set-up is also minimally affected by energy over a wide range of megavoltage
photon and electron measurements. However, ion chambers require a high voltage
to operate, are cumbersome, and are too large for in vivo measurements. TLDs
can be made tissue-equivalent and very small so that they are suitable for in vivo
measurements, but the calibration and readout process is tedious. Semiconductor
diodes are simple to operate, but they are wired, not tissue equivalent, and depend-
ent on the radiation energy and angles. MOSFETs, depending on the model, are
limited by the number of readings before the shift in threshold voltage is saturated
irreversibly. These dosimeters do not provide two-dimensional (2-D) or three-
dimensional (3-D) dose distribution unless hundreds of them are built into a bulky
array. Radiograph film is widely available for 2-D dose measurements, but it does
not provide an absolute readout and is cumbersome to process. 3-D gel dosimeters
such as BANG polymer gel [127] polymerize upon radiation, and can be used for
3-D dose measurements, but they are expensive to use. In addition, the polymeri-
zation is irreversible and requires a dedicated optical scanner to read. In addition
to challenges from conventional dosimetry, in nanodosimetry, the energy depos-
ited on a scale comparable to the size of a DNA molecule must be measured using
a device that is in the same scale [128-130]. Novel dosimeters are clearly needed
to answer these challenges, and nanotechnology may provide some of the answers
for future radiation dosimetry.
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The principles employed by conventional dosimetry can be adapted to create
nanodosimeters for radiation measurements. For example, carbon nanotubes
(CNTs) are effective in converting photon energy to electronic signals; such a
conversion is referred to as optoelectronics [131]. When a CNT is irradiated by visible
light and a bias voltage is applied to it, an electrical current is generated and part
of the energy from the light can be converted to electricity. The efficiency of energy
conversion may exceed 10%, and this has led to the use of CNTs in solar panels
and photodiodes. The same capacity may be applied to radiation dosimetry, where
X-ray energy can be converted to electricity. More interestingly, short-circuit photo-
currents can be theoretically generated [132] without applying a bias voltage to a
nanotube, making wireless operation of the nanodosimeter possible.

When a TLD is irradiated, electrons in the crystal’s atoms jump to higher energy
states, where they stay trapped due to impurities in the crystal. After irradiation,
the TLD is heated to release the electrons from the trapped state, during which
process the electrons return to the ground state and visible photons are released.
As the number of trapped electrons, and thereafter the amount of photon emis-
sion, is proportional to the radiation dose within a linear response range, the
radiation dose can be determined by measuring the photon emission using a
photomultiplier tube. Nanometer-sized phosphorescence (afterglow) crystals such
as LiF:Mg and MgF,: Eu can be manufactured for this purpose [133, 134]. Com-
pared with macrosized TLDs, nano-TLDs are more stable, with high luminescent
intensity, low photobleaching, and a large Stokes’ shift [135]. The dynamic range
of TLDs was improved with the nanometer-scaled phosphors. Sahare et al. synthe-
sized a K;Na(SO,),: Eu nanocrystalline powder that was fourfold more sensitive
than a LiF:Mg,Ti (TLD-100) phosphor, and had a near-linear response up to a
radiation dose of 70000 Gy [135].

MOSFETS can also be made on the nanometer scale. A schematic presentation
of a typical MOSFET is shown in Figure 7.15. When a positive voltage is applied

Gate Vg

Oxide

Inversion Layer

Depletion Layer N,

Bulk Holes p and N,

Ground
Figure 7.15 Schematic representation of a MOSFET device.
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to the gate, the electric field causes the holes to be repelled from the interface,
creating a depletion region containing negatively charged acceptor ions. A further
increase in the gate voltage eventually causes a sufficient number of electrons to
appear at the inversion layer, such that the MOSFET becomes a conductor. The
voltage that turns on the MOSFET is referred as the threshold voltage. When a
MOSFET device is irradiated, trapped charges are built up in the oxide layer, the
number of interface traps increases, and the number of bulk oxide traps increases.
With the excitation from radiation, electron-hole pairs are generated, whereupon
electrons quickly move out of the gate electrode while holes move slowly in
towards the Si/SiO, interface where they become trapped, causing a negative
threshold voltage shift that can be measured. The voltage shift is proportional to
the amount of radiation received [136, 137]. Very small MOSFETs suitable for
in vivo measurements can be manufactured. Compared to ion chambers, they do
not need a high voltage to operate, and can be used in the wireless mode. Com-
pared to diodes, MOSFETs are less dependent on the radiation energy and angle.
The readout of a MOSFET is instantaneous and much less elaborate than that of
a TLD. As opposed to the traditional bulk MOSFET material, field effect transistors
(FETs) based on single-wall carbon nanotubes (SWNT) have been fabricated for
molecular, chemical, and biological sensing [138, 139]. By using the same plat-
form, Tang et al. [140] synthesized SWNT-FETs on a SiO,/Si substrate using pat-
terned chemical vapor deposition (CVD) on top of W/Pt electrodes. The structure
of the SWCN-FET was similar to the conventional MOSFET, except that the p-type
Si was replaced by the nanotubes. The SWNT-FET was shown to be stable against
doses up to 1 Gy, and to be about two orders of magnitude more sensitive than a
conventional MOSFET.

7.8
Conclusions

Although the application of nanomaterials in radiation therapy is relatively new,
the early results have been encouraging. As carriers, nanomaterials have been
utilized in nanobrachytherapy to bring radioactive nuclides into close contact with
tumor cells. As energy mediators, high-atomic-number nanomaterials targeted to
tumor cells are used to deposit more radiation energy. In a more sophisticated
form, semiconductor nanomaterials were employed as an energy reservoir that
absorbs a wide range of X-rays and converts them to visible light with specific
wavelength tuned to the absorption peak of the photosensitizer, which in turn
generates cytotoxic singlet oxygen molecules for enhanced tumor cell killing. This
application, compared to the simple energy sink with high-Z materials, may acti-
vate new biological pathways for tumor cell death, because PDT has very different
cellular targets than radiation. Many semiconductor materials have a high redox
ability that enables them to be free radical scavengers for radioprotection. The
nanoengineering of these semiconductor materials has led to the production of a
new generation of dosimeters that are more nimble, sensitive, and convenient to
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use. On the other hand, the fact that nanomaterials are not routinely used in
patient treatment indicates that this field is still in the early stages of research and
development. To realize the full potential of nanotechnology in radiation therapy,
technological breakthroughs are needed in the following areas:

Effectiveness

Tolerable toxicity

Water-solubility and biocompatibility

Predictable and modifiable pharmacokinetics

Long serum half-life for solid tumor uptake
Standardized targeting moieties for different tumors
Reproducibility and cost-effectiveness in manufacturing

P® N W

Biological clearance after the function is performed

Many of these problems are longstanding with regards to the biological applica-
tion of nanomaterials. Although remarkable progress has been made, there are at
present no well-established general protocols, with success usually being achieved
on a case-by-case basis. For example, toxicity is a less-prominent concern with gold
nanoparticles compared to CdSe QDs, while RES retention is helpful when the
liver or spleen is the target organ, but is not desirable for other applications. It is
difficult—if not impossible—to fabricate a nanodevice capable of satisfying all of
these requirements, and it is important therefore to prioritize these properties for
specific applications. In the case of radiotherapy, long-term toxicity and biological
clearance may be arguably less important than effectiveness, particularly for
patients with terminal-stage cancer.

Last, but not least, it is clear from the many reports made to date that research
into nanomedicine for radiation therapy is highly segmented and specialized.
Whilst an individual group may achieve technical breakthroughs in one or more
areas, the lack of a broader interdisciplinary collaboration may hamper the devel-
opment and clinical application of these highly promising nanomaterials. The
involvement of more clinicians, including radiation oncologists and physicists, will
be essential as investigations are continued to create nanodevices with novel
properties.
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Prospects of Semiconductor Quantum Dots for Imaging and
Photodynamic Therapy of Cancer

Vasudevanpillai Biju, Sathish Mundayoor, Abdulaziz Anas and Mitsuru Ishikawa

8.1
Introduction

In recent years, in vivo fluorescence imaging and photodynamic therapy (PDT)
have been investigated widely in clinical trials for the efficient detection and cure
of cancer and other diseases. Although noninvasive imaging techniques such as
ultrasound, X-radiography, magnetic resonance imaging (MRI), computed tomog-
raphy (CT) and positron emission tomography (PET) are now well established,
in vivo fluorescence imaging and PDT remain major challenges due mainly to the
poor photostability of fluorescent dye photosensitizing drugs, less penetration
depth for visible light in tissues, and the limited availability of near-infrared (NIR)
dyes and photosensitizers.

Photodynamic therapy is the clinical process by which different cancers are
treated by applying a photosensitizing drug, followed by exposure to light. The
principle underlying PDT is that a photoexcited photosensitizer transfers energy
or electrons to proximal oxygen and other molecules, which results in the forma-
tion of reactive oxygen intermediates (ROIs) that react immediately with, and
cause damage to, vital biomolecules in cells; the consequence of this is an induc-
tion of cell death through necrosis, apoptosis, or autophagy. Photostable and NIR-
absorbing fluorescent dyes and photosensitizers, the in vivo targeted delivery of
molecules, and the efficient generation of ROIs by photosensitizers are essential
for the successful in vivo fluorescence imaging and PDT of cancer. The main
advantage of PDT over chemotherapy and radiation therapy is its ability to photo-
degrade cancer cells in selective fashion.

Although PS and PDT have been recognized since the early 1900s, remarkable
advancements in PDT were made possible only recently when Boyle and cowork-
ers showed that hematoporphyrin derivatives could produce a complete cure of
breast cancer in mice [1]. Subsequently, with the introduction of purified photo-
sensitizers such as porphyrins, phthalocyanines, and chlorine and levulinic acid
derivatives, PDT has become a popular clinical trial for treating peripheral cancers.
These purified photosensitizer molecules are referred to as second-generation
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photosensitizers, whilst the mixture of unidentified porphyrins used for PDT
during its early days was known as first-generation photosensitizers. Photofrin
was the first photosensitizer to show remarkable cancer-curing properties in
humans. For example, superficial bladder cancer showed a curative effect after the
nonspecific administration of photofrin, followed by transurethral illumination of
the whole bladder with red light [2] although, unfortunately, the treatment resulted
also in the damage of normal cells and severe side effects. With the advancement
of targeted drug delivery, image-guided PDT, laser light sources, and the introduc-
tion of second-generation photosensitizers, PDT became a widely accepted clinical
approach for the treatment of skin cancers, Barrett’s esophagus, bronchial cancers,
head and neck cancer, lung cancer, and bladder cancer.

Recently, PDT has also emerged as a promising clinical cure for a variety of
cancers that are accessible for photoactivation, either directly or endoscopically.
PDT has also been used extensively to kill cancer cells remaining after the surgical
removal of tumors, with survival rates for post-surgical PDT being high. The main
advantage of PDT over chemotherapy and radiation therapy is that the cancer cells
can be killed selectively, using a combination of drug targeting and local illumina-
tion with nonionizing radiation, such that the normal cells in the body are left
intact. In addition, PDT is cost-effective, fast, and also has higher cure rates anvd
provides a greater chance of the regeneration of tissues and immunity.

8.2
Basic Principles and Challenges in PDT

The basis of PDT is that cancer cells can be killed selectively by either systemic or
targeted delivery of a photosensitizer in the affected area/tissue, followed by its
photoactivation using a suitable light source. The basic principle underlying PDT
is that a photoactivated photosensitizer creates ROIs such as singlet oxygen ('O,),
superoxide anion (“O,), hydroxyl radical ('OH), and hydrogen peroxide (H,0,)
through energy and electron transfer with proximal oxygen, water and biomole-
cules. The ROIs react immediately with biomolecules in cells, causing damage to
the cell organelles and inducing cell death.

The electronic and molecular processes involved in the photoactivation of a
photosensitizer and the production of ROIs are shown in Figure 8.1. When a
photosensitizer in the electronic ground state (S°) is illuminated using a light
source with wavelength within the absorption spectrum of the photosensitizer, it
will be excited to the singlet excited state (S'). Generally, the singlet excited state
lifetimes for photosensitizers are only a few nanoseconds, which is too brief for
collisions with molecular oxygen to occur and for energy to be transferred from
the photosensitizer to oxygen. A photosensitizer in the S' state immediately relaxes
to the S° state, either directly or through the triplet state (T"). Direct (S'-S°) radiative
relaxation produces fluorescence, and nonradiative relaxation produces thermal
energy. Most photosensitizers in the S' state undergo an electronic spin-inversion
(also known as inter-system crossing or internal conversion) to the T' state, fol-
lowed by radiative and nonradiative relaxation. Radiative relaxation from the T'
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Figure 8.1 Photoactivation and relaxation processes of a
photosensitizer and generation of ROI by a photoactivated
photosensitizer. Reprinted with permission from V. Biju et al.,
(2009) Bioconjugated quantum dots for cancer research:
present status, prospects and remaining issues.
Biotechnology Advances, 28, 0000 [74].

state produces phosphorescence. The triplet state lifetime ranges from several
hundred nanoseconds to milliseconds — which is much longer than the singlet
state lifetime — and provides sufficient time for energy and electron transfer reac-
tions and the initiation of the ROI cycle. Thus, a photosensitizer in the T state
will either relax to the S° state by transferring its excess energy to molecular oxygen
(triplet oxygen, *0,), or it will undergo chemical transformations through electron-
transfer reactions with water and other molecules in the biological environment.
Energy transfer from a photosensitizer to O, takes place by triplet-triplet annihila-
tion to generate excited molecular oxygen (also called singlet oxygen; '0,) that
subsequently reacts with water and produces other ROIs such as superoxide anion
(70,), hydroxyl radical ('OH), and hydrogen peroxide (H,0,). The term singlet
oxygen derives from the spin-inversion of one of the electrons in the degenerate
T /T, * states in oxygen. The energy required for this spin inversion, at 94.3k] mol ™,
is small enough for any photosensitizer to produce 'O,. On the other hand, the
electron-transfer reactions of photosensitizers in the T' state with oxygen and
water directly produce ROIs such as “O,, 'OH, and H,0, The ROIs trigger a series
of photochemical reactions on biomolecules and subcellular organelles in their
proximity, which usually is within 100nm. In PDT, the main targets of the ROIs
are amino acids such as cysteine, histidine, methionine, tryptophan and tyrosine
in the cell membrane, the endoplasmic reticulum, mitochondrion, lysosome, and
Golgi bodies. The photochemical biodegradation of these vital molecules and
organelles results in cell death through apoptosis, necrosis, or autophagy. In
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addition to the direct killing of cancer cells, photochemical degradation of the
tumor vasculature represents a promising approach for the control of cancer.

It is necessary to optimize multiple parameters for effective and successful PDT,
including selection of the photosensitizer, targeting the cancer, and selecting a
light source suitable for a particular photosensitizer. In the early days of PDT, the
clinical trials were carried out using first-generation photosensitizers, but this
resulted in severe side effects due to poor targeting and an inferior sensitivity.
However, PDT became more effective and popular with the introduction of sec-
ond-generation photosensitizers, among which porphyne derivatives or porphy-
rins showed the most promise. More recently, however, nanoparticles have
attracted attraction in PDT as either photosensitizers or as carriers of photosensi-
tizers. The details of conventional photosensitizers, and the advantages and appli-
cations of various photosensitizers based on metallic, ceramic and polymer
nanoparticles, in addition to targeted PDT using nanoparticles, are included in
Chapter 2 in C. Kumar (2006) Nanomaterials for Cancer Therapy. In this chapter,
attention is focused on the potential applications of semiconductor quantum dots
(QDs) as both imaging probes for cancer and photosensitizers for PDT. Conse-
quently, discussions will include the advantages of QDs for PDT over conventional
photosensitizers, the synthesis of visible and NIR QDs, the optical properties of
QDs relevant to PDT, the preparation of biocompatible QDs for targeting cancer,
the in vitro and in vivo targeting and imaging of cancer cells with bioconjugated
QDs, ROI production by QDs and QD-PS conjugates, and recent advances and
prospects of QDs in PDT of cancer.

8.3
Advantages of Quantum Dots for PDT

Quantum dots are nanoparticles in which electrons and holes are three-dimension-
ally confined (quantum-confined) within the exciton Bohr radius of the material [3].
Such quantum confinement provides unique optical properties to the QDs, such as
size-tunable and sharp band-edge emission. In addition to these unique properties,
and compared to conventional photosensitizers, QDs have several advantages for
the imaging and PDT of cancer, including a large surface area, photostability,
bright emission, unbiased photoactivation at any wavelength below the band edge
absorption, and a large two-photon absorption cross-section. Photoactivated QDs
also produce ROIs, although with poor efficiency (<5%), but higher efficiencies
may be achieved by interfacing QDs with conventional photosensitizers. A combi-
nation of a QD and a photosensitizer may be advantageous for the imaging and
PDT of cancer, due to the exceptional photostability of the QDs and higher effi-
ciency of ROI production by the photosensitizer. In a QD-photosensitizer (QD-
PS) conjugate, the PS is indirectly excited by Forster resonance energy transfer
(FRET) from photoactivated QDs. Such QD-PS systems have shown promise for
prolonged PDT based on the QDs’ photostability and the higher ROI production by
the PS. The large surface area of QDs is promising not only for increasing the effec-
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tive concentration of PS by tethering multiple energy acceptors, but also for tar-
geted PDT by conjugating anticancer antibodies. An unusual photostability of QDs
would offer a prolonged activation of the PS during PDT, while the photostability
and bright fluorescence of QDs have shown promise for imaging the tumor milieu
during and after PDT. The broad absorption bands of QDs allow unrestricted pho-
toactivation; notably, QDs can be photoactivated with various NIR light sources due
to a combined effect of broad-band absorption and large two-photon absorption
cross-section. The main merit of NIR light over visible light is that the penetration
depth in tissues is larger for the former. A direct excitation of NIR QDs or two-
photon NIR excitation of visible QDs also avoids background due to tissue autoflu-
orescence. In short, cancer-targeting QD-PS conjugates with direct/two-photon
NIR absorption represent the best combination for in vivo imaging and PDT.

8.4
Synthesis of Quantum Dots

Biocompatible QDs with both visible and NIR absorption, and strong and stable
fluorescence, are the primary requirements for the imaging and PDT of cancer.
The most established method for synthesizing high-quality QDs is a colloidal
synthesis of hydrophobic-capped QDs in an organic phase, and consequently the
conversion of hydrophobic-capped QDs into water-soluble QDs has been neces-
sary for preparing biocompatible QDs. Among the various QDs, core-only CdS,
CdSe, CdTe, and InP QDs and core-shell QDs with single, mixed or multiple
shells from Zn$S, CdS and CdSe have been widely applied for targeting cancer cells
both in vitro and in vivo. CdSe QDs, with or without shells excited by visible or
NIR (two-photon) light, are the most widely applied QDs for in vitro and in vivo
imaging of cancer cells. The most attractive property of CdSe QD is that its emis-
sion color can be tuned throughout the visible region [3, 4]. However, compared
to visible excitation, NIR excitation offers a better penetration depth in tissues;
thus, NIR QDs represent better candidates for the imaging and PDT of cancer.

8.4.1
Synthesis of Visible QDs

8.4.1.1 Synthesis of Cadmium-Based QDs

Although the existence of semiconductor nanoparticles has been recognized since
the early 1980s, the fundamental science and applications of QDs was greatly
advanced when Bawendi and coworkers synthesized CdS, CdSe, and CdTe QDs
by using high-temperature colloidal reactions [5]. The pyrolysis of organometallic
precursors of cadmium and S/Se/Te provides hydrophobically capped CdS, CdSe,
and CdTe QDs. For example, CdSe QDs can be synthesized by reacting dimethyl
cadmium (CdMe,) [13.35mmol in 25ml trioctylphosphine (TOP)] with TOP-
selenide (TOPSe) (10mmol in 15ml TOP) at 230-300°C in the presence of trioc-
tylphosphine oxide (TOPO). CdTe QDs may be synthesized in a similar fashion
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by replacing TOPSe with TOPTe, whilst CdS QDs can be prepared by reacting
hexamethyldisilathiane (HMDT) with CdMe,. These reactions provided a series of
QDs, with the individual sizes being separated using size-selective centrifugation
from a mixture of 1-butanol and methanol. A modification of this method was
later devised by Alivisatos and coworkers [6], the key being that, with Ostwald
ripening, a gradual growth of larger QDs at a cost of gradual dissolution of smaller
ones could be controlled by separating the nanocrystal growth process from the
spontaneous nucleation process. The main advantage of this modified synthesis
was that size-selected QDs could be prepared simply by selecting an injection
temperature and a different growth temperature.

In the above methods, the use of volatile and pyrophoric CdMe, makes the syn-
thesis of QDs less safe at high temperatures; hence, alternative cadmium precursors
have been introduced for the synthesis of colloidal QDs. Examples of these “safer
and greener” precursors include cadmium perchlorate, cadmium oxide, cadmium
oleate, and cadmium acetate [7]. A typical example of an alternative synthesis is
the nucleation of CdSe QDs by injecting TOPSe into a suspension of cadmium
acetate in either TOPO or a mixture of TOPO-phosphonic acid maintained at
250-360°C. After nucleation, the QD nanocrystals were grown at 200-320°C.
Recently, it has become possible to synthesize size-selected CdSe QDs with green
fluorescence at a relatively low temperature (<75 °C) by employing a heterogeneous
reaction between cadmium acetate and TOPSe in a mixture of TOP and TOPO [8].

Among the cadmium-based QDs, core-only CdS and CdSe QDs are of less
practical biological applications due to the near-UV fluorescence and low fluores-
cence quantum efficiency for CdS, and the poor physical and photostability of both
CdS and CdSe. In contrast, CdSe QDs with ZnS shells have been widely applied
to the bioimaging of cancer cells and the tumor milieu, both in vitro and in vivo.
The most attractive properties of CdSe QDs for biological applications are the high
fluorescence quantum yield and size-tunable fluorescence distributed throughout
the visible spectrum.

8.4.1.2 Synthesis of InP QDs

Compared to QDs based on heavy metals, InP QDs have shown great promise for
biological applications, due mainly to their reduced toxicity. The best method to
prepare InP QDs is in the organic phase [9] where, typically, InP QDs are prepared
by injecting tris-trimethylsilyl phosphine (0.58 mmol) into a hot (281 °C) solution
of indium(III) myristate (1.014 mmol) in 40ml 1-ocatadecane. After injection, an
additional amount (~40ml) of 1-octadecane is added to the reaction mixture, and
the hydrophobic-capped InP QDs are grown at 180°C for 2h. In this reaction it is
necessary that surface capping and hydrophilic molecules are introduced onto the
surface of the as-prepared InP QDs.

8.4.2
Synthesis of NIR QDs

NIR absorption and fluorescence are attractive for in vivo imaging and PDT,
as NIR excitation offers a better penetration depth in tissues than for visible
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light. Autofluorescence from the tissues can also be avoided or minimized under
NIR excitation. Other promising applications of NIR QDs include the image-
guided presurgical and surgical oncology of various cancers, such as gastroin-
testinal tumors, metastases of spontaneous melanoma, breast cancer, and non-
small-cell lung cancer. Examples of NIR QDs include core-only CdTe, PbS, PbSe,
PbTe, HgTe and InP QDs, and type II core-shell QDs such as CdSe/ZnS, CdSe/
CdS, CdSe/ZnSe, CdTe/HgTe, CdS/HgS/CdS, CdTe/CdSe, CdSe/Zn,,CdysS,
CdSe/CdS/ZnS, PbSe/PbS, HgTe/CdS, InAs/InP, and InAs/CdSe QDs. Among
these QDs, CdTe, InP, CdSe/ZnS, CdSe/ZnCdS (mixed sulfide shell), CdTe/
CdSe and CdSe/CdS/ZnS are attractive for the in vivo cancer imaging and
PDT of cancer. The Hg- and Pb-based QDs are less attractive due to their
potential toxicity, but have shown promise for electro-optical and optoelectronic
devices.

8.4.2.1 Synthesis of Core-Only NIR QDs

The most attractive core-only NIR QDs for biological applications are CdTe QDs.
Although the absorption and fluorescence bands of Pb- and Hg-based QDs are
clearly within the NIR region, these QDs have not shown promise for biological
applications for reasons of toxicity. When synthesizing CdTe QDs, the hydrophobi-
cally capped material is first prepared by reacting CdMe, with TOPTe in a of TOP
and TOPO as solvent (see Section 8.4.1) [5]. Biocompatible thioglycolic acid (TGA)
-capped CdTe QDs may be prepared directly an aqueous solution at 100°C and
~11.5 pH, by reaction between freshly prepared H,Te gas and a degassed solution
of cadmium perchlorate hexahydrate (2.35 mmol) in water (125ml) in the presence
of TGA (5.7mmol) [10]. H,Te gas is prepared by adding aluminum telluride
(0.46 mmol) to sulfuric acid (30ml, 0.5M) under a N, atmosphere. The size and
optical properties of the CdTe QDs can be controlled by adjusting the reaction
time.

8.4.2.2 Synthesis of Core-Shell QDs

The advantages of core-shell QDs (which are also known as type II QDS) over
core-only QDs are many. For example, the inorganic and polymer shells will
protect the core against chemical degradation, while shells from higher band-gap
materials will preserve or even improve the fluorescence quantum efficiencies
of the core by lowering the surface defects; the shells also offer new surfaces
for chemical reactions and bioconjugation. Although many types of core-shell
QDs have been developed, the classical example is the CdSe/ZnS QD. Notably,
inorganic shells offer a higher tolerance to QDs than do organic shells; for example,
core-shell QDs based on CdS, CdSe, CdTe, PbSe, HgTe and InAs cores and
ZnS, ZnSe, CdS, CdSe, ZnSe, HgTe, HgS, InP and mixed metal sulfide shells
show better fluorescence quantum yields, unusual photostability and physical
stability, and NIR absorption and fluorescence characteristics. However, as stated
above, QDs based on Pb and Hg cores or shells are unattractive for the imaging
and PDT of cancer for reasons of toxicity. Thus, CdSe/ZnS, CdSe/Zn,,CdysS and
CdTe/CdSe core—shell QDs have been selected for the in vivo imaging and PDT
of cancer.
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The epitaxial growth of Zn§ shells on a CdSe core is perhaps the best example
of shell preparation [4], and modified versions of ZnS shell preparation have been
applied for the synthesis of various core-shell QDs. Typically, ZnS shells are
grown on CdSe QDs with core diameters ranging from 23 to 55 A, as follows. First,
monodispersed CdSe QDs are prepared as described in Section 8.4.1 [5], with
TOPO being used as the coordinating solvent for preparing the ZnS shell. Initially,
5g TOPO is heated to 190°C under vacuum for several hours, cooled to 60°C, and
0.5ml TOP added. In parallel, a solution of CdSe QDs (0.4mmol) in hexane is
prepared and transferred into the TOP/TOPO mixture. After the transfer, the
hexane is pumped off. The ideal precursors for preparing ZnS shell are diethylzinc
and HMDT, with the amounts of Zn and S precursors being determined based
on the average diameter of the core and the desired thickness of the shell. An
equimolar mixture of diethyl zinc and HMDT dissolved in TOP is added drop-wise
into the CdSe suspension, maintained at 140-220°C. The growth of ZnS shell is
quenched by adding 1-butanol, and the core—shell QDs are purified by their pre-
cipitation from a mixture of 1-butanol and methanol.

A similar procedure can be applied to the synthesis of CdSe/CdS core—shell QDs
[11]. The CdSe QDs are prepared by first adding the desired amount of CdMe, to
a solution of tributylphosphine selenide (TBPSe), prepared by dissolving Se
powder in TBP, and the cadmium : selenium molar ratio is setat 1.0:0.7 or 1.0:0.9.
For a typical synthesis, 12g TOPO is first transferred into a flask and heated to
360°C in an argon atmosphere. The stock solution of Cd and Se precursors is
quickly injected into the TOPO, after which the temperature of the reaction
mixture is lowered to 300°C and the reaction continued until the desired size of
CdSe QDs is obtained, based on the absorption and fluorescence spectra. The
CdSe QDs are then purified by precipitation with methanol, followed by centrifu-
gation. The precursors for the preparation of CdS shell are HMDT (100pl) and
CdMe, (0.033g) dissolved in TBP (3.81g). For shell growth, TOPO-capped CdSe
nanocrystals (2-13mg) are transferred into a three-necked flask, degassed, and
15ml anhydrous pyridine added. This solution is refluxed overnight under an
argon atmosphere, the temperature is lowered to 100°C, and 0.5-2 ml diluted CdS
precursor solution is then added dropwise. The heating is stopped when the
desired shell-thickness is obtained, based on the absorption spectrum, and the
CdSe/CdS QDs are then precipitated by adding dodecylamine. The formation of
CdSe/CdS core-shell QDs is associated with a considerable red-shift in the absorp-
tion and fluorescence bands towards the NIR region. Thus, CdSe/CdS QDs with
suitable core diameters and shell thicknesses are suitable for the NIR imaging and
PDT of cancer.

8.4.2.3 Synthesis of CdTe/CdSe QDs

Core—shell CdTe/CdSe QDs show stable fluorescence in the NIR region, and are
prepared by growing CdSe shells on colloidal CdTe core QDs [12]. CdMe, and bis
(trimethylsilyl) selenide are ideal precursors for preparing the CdSe shell. Initially,
CdTe core QDs are prepared by the pyrolysis of CdMe, and TOPTe (see Section
8.4.1), after which the as-prepared CdTe QDs (400 mg) are centrifuged into a solid
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mass and resuspended in TOPO (20g). This mixture is dried under vacuum at
160°C for 2h, and the temperature then lowered to 130°C. Finally, a precursor
solution consisting of equimolar CdMe, and bis (trimethylsilyl) selenide in TOP
(10ml) is added dropwise into the hot solution of CdTe. After such addition, the
reaction mixture is stirred at 130~300°C until a desired thickness for CdSe shell
is obtained.

8.5
Optical Properties of Quantum Dots

Unique optical properties, such as size-tunable absorption and photoluminescence
(hereafter termed fluorescence) bands in the visible and NIR regions, an uncom-
promised photostability, broad absorption and narrow fluorescence bands and
large two-photon absorption coefficients, are the most important properties of
QDs for the imaging and PDT of cancer. These properties originate from the
strong confinements of charge carriers within the exciton Bohr radius of the core
material, and the large surface-to-volume ratios of QDs.

8.5.1
Absorption and Fluorescence Properties

Semiconductor QDs show broad absorption spectra with sharp band-edge transi-
tions and narrow and symmetrical fluorescence spectra. Both, the absorption and
fluorescence spectra vary with the size of the core QD and the core material. For
example, the size-dependent absorption and fluorescence spectra and fluorescence
colors of CdSe QDs shelled with ZnS are shown in Figure 8.2 [1, 4, 13]. The band-
edge absorption band of CdSe QDs can be shifted from ~450nm for a ~2nm-
diameter QD to ~650nm for a ~6nm-diameter QD. Similarly, the fluorescence
color can be tuned from purple for a ~2nm-diameter QD to deep red for a ~6nm-
diameter QD. The absorption and emission characteristics of QDs are discussed
using an energy level diagram for CdSe (Figure 8.3). Here, the 4p orbitals of sele-
nium constitute the highest occupied states, while the 5s orbitals of cadmium
constitute the lowest unoccupied states. The broad absorption spectra of QDs
originate from a distribution of electronic transitions such as s-s, p-p and d-d. The
quantum confinement effect also provides discrete energy states in the band edge
(Figure 8.3). Size-dependent and sharp emission spectra of QDs originate from
carrier recombination at the band edge. Red-shifted fluorescence, if observed,
should derive from carrier recombination in deep-trap states.

Analogous to the size-dependent absorption and fluorescence spectra for a given
core QD, the absorption and fluorescence spectra can be tuned from the near-UV
to the NIR region by changing the core material. Thus, QDs with suitable absorp-
tion and fluorescence bands can be selected for bioimaging and PDT, based on
the size when there is no option for changing the material, and on the material
when there is no option for changing the size. The broad absorption bands of QDs
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Figure 8.2 (a) Fluorescence from CdSe/ZnS QDs with different
size under UV excitation; (b) Representation of size of CdSe
QDs versus fluorescence color/wavelength; (c) Absorption
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offer many advantages for the imaging and PDT of cancer. For example, the broad
absorption bands allow QDs to be photoactivated at any wavelength below the band
edge absorption, to separate the excitation wavelength clearly from the fluores-
cence band, and to excite multiple QDs with a single wavelength. Additional merits
of QDs include their huge molar extinction coefficient and sharp fluorescence
bands; the latter characteristic allows the multiplexed tagging of cells and tissues,
and the production of well-resolved multicolor images. In contrast, specific light
sources are required to excite conventional organic dyes and photosensitizers
because of their sharp absorption bands. Multiple tagging and multicolor imaging
of cells and tissues using organic dyes are also limited, due to the overlapping of
relatively broad fluorescence bands.

852
Photostability of QDs

The photostability of QDs is perhaps the most attractive property for their use in
PDT and long-term bioimaging. The exceptional photostability of QDs means that
cells labeled with QDs can be imaged continuously for long periods of time,
without photobleaching, whereas conventional dyes and photosensitizers would
photobleach much more quickly. The photostability of CdSe/ZnS QDs and Alex-
afluor488 dye are compared in Figure 8.4 [16]; here, fluorescence from organelles
labeled with QDs (red) can be seen to remain intact under a 100 W mercury lamp
for 3min whereas, under the same conditions, the fluorescence from organelles
labeled with Alexafluor488 (green), a relatively stable dye, disappeared within
1min, due to photobleaching. Indeed, the fluorescence quantum efficiency of the
as-synthesized CdSe QDs was seen to increase under photoactivation (Figure 8.5)
[17]. This increase in fluorescence quantum efficiency was considered to be due
to a photoinduced passivation of the surface defect states. The exceptional photo-
stability of QDs is an important and attractive property for highly sensitive detec-
tion, for prolonged in vitro and in vivo imaging, and for continuous and repeated
PDT with a single dose of QD, and even for monitoring the status of PDT. Unfor-
tunately, core-only QDs are not photostable in the aqueous phase, due mainly to
photo-oxidation and photo-etching of the surface atoms. The photo-etching of
cadmium-based QDs is undesirable for PDT, as it might lead to toxic effects of
the dissolved metal ions. On the other hand, core—shell QDs with protective inor-
ganic and polymer shells offer biocompatibility, minimal or no toxicity, and both
photo- and chemical stability.

853
Two-Photon Absorption by QDs

Two-photon absorption is a nonlinear process in which QDs or organic molecules
are excited from the ground electronic state to an excited electronic state by simul-
taneously absorbing two low-energy photons with the same or different energy.
Here, the sum energy of the two photons should be the energy difference between
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the ground and excited states of QDs. The significance of two or multiphoton
absorption by QDs is that visible QDs can be excited with NIR light; a deeper
penetration into the tissues by NIR light is necessary for efficient in vivo imaging
and PDT of cancer. The in vivo excitation of QDs at wavelengths below 700nm is
undesirable because of poor tissue penetration and bright tissue autofluorescence.
Also, in vivo excitation of QDs at wavelengths beyond 1200nm results in the gen-
eration of heat due to the vibrational excitation of water and other biomolecules.
Thus, QDs with absorption bands in the 700-1200nm range are necessary for
in vivo applications and, indeed, such NIR QDs suitable for in vivo applications
are few in number; examples include the core-only CdTe QDs and core—shell
CdTe/CdSe and CdSe/CdS/ZnS QDs. Other NIR QDs based on Pb and Hg are
less attractive for in vivo applications for reasons of toxicity. Thus, two-photon or
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Figure 8.5 (a) Fluorescence intensity of CdSe
QD solutions in chloroform under
photoactivation at 400 nm: (curve a) without
any polymer, (curve b) in the presence of poly
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Schematic representation of the surface
passivation and the formation of surface
defects on CdSe QDs. Reprinted with
permission from Ref. [17]. Copyright (2007)
American Chemical Society.

multiphoton NIR excitation is valuable when using CdSe and CdSe/ZnS QDs for
the imaging and PDT of cancer. The broad absorption bands of the visible QDs
are advantageous when randomly selecting the NIR wavelengths for two-photon
excitation. The two-photon excitation wavelength is determined based on the
energy of a QD; for example, Figure 8.3 shows the energy levels in CdSe QDs,
where the energy states are defined by applying a particle in a sphere model
approximation to the bulk Wannier Hamiltonian. The lowest hole-state for CdSe
is denoted as 1Ss),, and the next hole-states as 2S5, 1P;,, and so on. The electron
states or emitting states are defined by the total angular momentum F = L £ 1/2,
where AL = 0, £2 and AF = 0, £1 are the selection rules for one-photon excitation,
and AL = 1, £3 and AF = 0, £1, £2 for two-photon excitation [18]. The large two-
photon absorption cross-section (10°~10* Goeppert-Mayer [GM] units) for QDs
[19] compared to organic dyes and PS (10'-10°GM units) is promising for the
two-photon excitation of CdSe/ZnS and other visible QDs for in vivo imaging
and PDT.

8.6
Preparation of Biocompatible Quantum Dots

In general, QDs with high fluorescence quantum yields and physico-chemical
stability are prepared in the organic phase. For this, the surfaces of the QDs are
covered with hydrophobic molecules, which makes it difficult for them to be dis-
persed in water. But, for biological applications it is essential that the QDs have a
hydrophilic surface coating and reactive functional groups. Although the direct
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synthesis of CdSe and CdTe QDs in the aqueous phase has recently become
possible, the synthesis of high-quality QDs under such conditions remains a major
challenge. Thus, the conversion of hydrophobic-capped core and core-shell QDs
into their water-dispersible counterparts is necessary for biological applications.
The coating or conjugation of hydrophilic and amphiphilic molecules onto the
surfaces of core and core—shell QDs represents an attractive route for preparing
biocompatible QDs. Typical examples are the exchange of alkylphosphines and
alkylphosphine oxides on the surfaces of as-synthesized CdSe, CdTe, InP, CdSe/
ZnS and CdTe/CdSe QDs with TGA, hydrophilic dendrimers, silica-shells,
amphiphilic polymers, proteins, and sugars [20]. Poly(ethylene glycol) (PEG) shells
are also useful for avoiding the nonspecific attachment of QDs with biomolecules
in vitro and in vivo.

Two important methods for preparing biocompatible QDs are to exchange
TOPO and TOP on ZnS-shelled QDs with either a monodentate mercaptoacetic
acid [21] or a bidentate dihydrolipoic acid (DHLA) [22]. The formation of a disulfide
bond with the ZnS shell by the thiol group is the key to these preparations. Once
dispersed in water, additional functional groups such as avidin, biotin, peptides,
antibodies, and oligonucleotides will be introduced onto the surface for intracel-
lular delivery, in vitro and in vivo imaging, and therapeutic interventions [3].
However, irrespective of which reaction is occurring on the surface of the QDs,
care must be taken to preserve their fluorescence.

In general, antibodies and peptides have shown much promise as carriers of
QDs to the cells. In this case, the crosslinking chemistry of carbodiimide, male-
imide and succinimide can be used to attach antibodies and peptides to QDs
functionalized with carboxylic acids, thiols and primary amines, respectively. An
additional, and very versatile, method for preparing antibody- and peptide-
conjugated QDs is that of avidin—biotin crosslinking. Some general methods for
preparing antibody- and peptide-conjugated QDs are shown in Figure 8.6, while
examples of bioconjugated QDs, and their targets within the cells, are shown in
Figure 8.7.

8.7
Nontargeted Intracellular Delivery of QDs

The in vivo-targeted delivery of QDs and QD-PS conjugates into cancer cells is an
essential requirement for effective PDT, because singlet oxygen produced by QDs
and other photosensitizers exists for less than 3.5us and diffuses only 0.01-
0.02pum during this period. Cancer targeting with QDs can be aimed either at
overexpressed receptors on cancer cell membranes, or at intracellular organelles
through receptor-mediated endocytosis. A variety of methods are available for
delivering QDs inside cells, and these are exploited for both the in vitro and in vivo
imaging of cells and tissues, for the selective detection of cancer cells and the
tumor milieu, and for PDT. Based on the mode of intracellular delivery, these
methods are classified broadly as either physical or biochemical. Physical tech-
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niques include electroporation and microinjection, whereas biochemical methods
include passive uptake, cell penetration, and receptor-mediated endocytosis. For
example, QDs bearing polymers, lipids, alkane thiols, oligonucleotides and non-
specific peptides may be delivered into both normal and cancer cells, and will be
either uniformly distributed or aggregated inside the cytoplasm. In contrast, QDs
conjugated with antibodies, secondary antibodies, or with certain peptides will
target specific organelles/proteins in the cancer cells. Among these techniques,
nonspecific approaches such as physical delivery and passive intake have not
shown much promise for the imaging and PDT of cancer.

8.7.1
Physical Methods of Intracellular Delivery

Both, electroporation and microinjection are useful for the transformation and
transfection of recombinant genetic materials into prokaryotic and eukaryotic cells.

In electroporation, a short-duration (from microseconds to milliseconds) electric
pulse is applied in the extracellular medium; this pulse causes the trans-mem-
brane voltage to rise from ~0.5 to 1.0V and, along with thermal fluctuations,
creates a transient and heterogeneous population of pores on the cell wall. For
electroporation, the target cells and QDs are mixed in the cell culture medium and
loaded in a plastic cuvette fitted with aluminum electrodes [38]. A high voltage is
then applied to the medium, using a hand-held or bench-top electroporator. The
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Figure 8.7 Biolabels of CdSe and CdSe-ZnS QDs and their
targets in cells. Reprinted with permission from Ref. [3].

QDs, along with some extracellular fluid, are internalized through the pores that
have formed on the cell wall. However, the internalized QDs tend to aggregate
inside the cytosol. The efficiency of electroporation depends on various factors,
including the time integral of the electric pulse, the ionic composition of the
medium, and the type of the cell.

Microinjection is the process by which foreign molecules or materials are injected
into the cytoplasm or cell nucleus through a microneedle. The microinjection
apparatus consists of a specialized optical microscope and a digitally controlled
microneedle of approximately 0.5 to 5um diameter. The microneedle penetrates
the cell membrane and/or the nuclear membrane, and the contents are injected
by applying either a pneumatic pressure or an electric pulse. A typical example is
the microinjection of QD-DNA conjugates in a Xenopus embryo [38], where the
microinjected QDs are distributed homogeneously inside the embryo.

In general, electroporation and microinjection serve only as vectors for the
intracellular delivery of QDs, and the conjugation of specific biomarkers on the
surface of QDs is required for targeting the intracellular organelles. For example,
microinjected QDs will target the nucleus and mitochondria when conjugated
with a 23-mer nuclear localization peptide and a 28-mer mitochondrial localization
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peptide [38]. Despite their simple approach, physical methods have practical limita-
tions for in vivo applications, because electroporation can be applied only for cells
dispersed in a medium, while microinjection can be applied only on single-cell
basis.

8.7.2
Biochemical Techniques

8.7.2.1 Nonspecific Intracellular Delivery of QDs

An electrostatic interaction between the hydrophilic-capped QDs and the plasma
membrane and subsequent nonspecific endocytosis is applicable for labeling a
variety of cells. QDs conjugated with thioglycolic acid (QD-COOH), cysteamine
(QD-NH,), thioglycerol (QD-OH), phalloidin, or dihydrolipoic acid (QD-DHLA)
are internalized by nonspecific endocytosis. Such intracellular delivery is limited
by the size and zeta potential of the QD conjugates and the type of cell used. QDs
capped with carboxylic acids, thioglycerol or dihydrolipoic acid are negatively
charged, whereas cysteamine-capped QDs are positively charged. For example,
QDs conjugated with a combination of a carboxylic acid and transferrin [21], or
DHLA are efficiently delivered into Hela cells [31]. In general, QDs delivered by
these methods mostly aggregate in the cytosol due to endosomal arrest, although
this situation can be resolved if the QDs are conjugated with an endosome-
disrupting polymer, such as PEG-grafted, hyperbranched polyethylenimine (PEG-
g-PEI) [39]. In this case, the PEI creates an osmotic imbalance inside the endosome
by sequestering protons and their counterions via the “proton-sponge effect,”
causing the endosome to swell and rupture.

8.7.2.2 Cell-Penetrating Peptide-Mediated Delivery
Cell-penetrating peptides (CPPs) are positively charged peptides that are able to
transport various therapeutic macromolecules, including oligonucleotides, pro-
teins, DNA, and nanoparticles, across the plasma membrane. CPPs are mainly
derived from natural proteins, but they may also be synthesized. In general, elec-
trostatic interactions between CPP and the plasma membrane, followed by mac-
ropinocytsis or direct cell penetration, account for the intracellular delivery of
CPPs. The concept of CPP originated from the HIV-1 transcriptional transactiva-
tion (Tat) protein, the Tat peptide segment (residues 48-60) derived from this
protein having since emerged as a novel CPP for the intracellular delivery of nano-
particles and macromolecules. The intracellular delivery of Tat peptides takes place
via a charge-based attachment to the cell membrane, followed by macropinocyto-
sis, whereby multiple arginine units provide a net positive charge to Tat. The same
mechanism allows the efficient intracellular delivery of noncovalent mixtures and
supramolecular nanostructures composed of QDs and Tat, for example in Hela
[40], HEK293T/17 [41] and COS-1 [41] cells. QDs delivered by Tat eventually accu-
mulate in the microtubule organizing center [40].

Other examples of CPPs employed for the intracellular delivery of QDs include
Pep-I [42] and allatostatin [42, 43]. Pep-I is a synthetic peptide consisting of 21
amino acids, which acts as a hydrophobic linker between the plasma membrane
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Figure 8.8 (a) Fluorescence image of 3T3 cells incubated with
QD-allatostatin conjugates. Here, the QDs are delivered inside
the cells by clathrin-mediated endocytosis; (b) Schematic
presentation of clathrin-mediated endocytosis of QD—peptide
conjugates. Reprinted with permission from Refs [43] (a) and
[44] (b). Copyright (2007, 2009), American Chemical Society.

and a protein bound to QDs. This method can be tested by delivering CdSe/ZnS
QDs into Jurkat cells, with the intracellular delivery of QDs conjugated to pol-
yarginines and poly-L-lysines following essentially the same pathway as for QD-Tat
conjugates, due to the positive charge of the peptides.

Allatostatin, a neuropeptide derived from insects and crustaceans, is recognized
as one of the most promising peptides for delivering QDs into living animal and
human cells [43]. Typical fluorescence images of 3T3 cells internalized with QD-
allatostatin conjugates are shown in Figure 8.8a. Interestingly, QD-allatostatin
conjugates bind preferentially with the microtubules and are eventually trans-
ported into the nucleus. The intracellular delivery of QD-allatostatin conjugates
occurs via multiple pathways such as clathrin-mediated endocytosis, charge-based
cell-penetration, and receptor-mediated endocytosis, among which clathrin-medi-
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ated endocytosis is the most important [44]. A schematic representation of the
clathrin-mediated endocytosis of QD-allatostatin conjugates into a cell is shown
in Figure 8.8D; the process is characterized by the inhibition of phosphoinositide-
30H kinase (PI-3K), an essential enzyme for the formation of clathrin-coated
vesicles, with wortmannin (a steroidal furanoid that irreversibly inhibits PI-3K by
blocking its ATP-binding pocket).

8.7.2.3 Chitosan- and Liposome-Mediated Delivery

The aggregation of QDs inside the cytosol, as observed with many of the above-
mentioned methods, represents a major limitation for in vivo imaging and PDT
applications. However, aggregation can be minimized if the QDs are conjugated
with chitosan and lipids. Chitosan, a copolymer of glucosamine and N-acetylglu-
cosamine, is a safe and efficient nonviral vector for the delivery of genetic materials
inside the cytosol. Chitosan has two advantages: (i) its amino group can be conju-
gated with carboxylic acid-functionalized QDs by utilizing carbodiimide chemistry;
and (ii) it avoids QD agglomeration by inducing electrostatic repulsion. Thus, QDs
encapsulated in a chitosan matrix would be useful for intracellular delivery and
imaging [45].

Liposome is another class of prototype nanoparticle system that has been fully
optimized for in vivo use as a drug carrier in humans, with QDs that have either
been directly conjugated with, or encapsulated in, liposomes (termed “lipodots”)
having shown promise for intracellular deliveries. Phospholipid micelles [46],
polymer-based immunoliposomes [47], and cationic Lipofectamine 2000 [38] are
all typically used to prepare lipodots, but among these Lipofectamine 2000 seems
to provide the most efficient delivery of QDs into HeLa cells [38]. The main advan-
tage of liposomes over chitosan and peptides is that both hydrophobic and
hydrophilic QDs can be incorporated, through either oil-in-water- or water-in-oil-
type micellar assemblies. The hydrocarbon chains of liposomes may also interact
with the hydrophobic plasma membrane, thus facilitating the nonspecific endocy-
tosis of lipodots.

8.8
Targeting Cancer Cells with QDs

Although the physical and biochemical methods described above are valuable for
the nonspecific delivery of QDs into living, fixed, normal and cancer cells, in order
to conduct the imaging and PDT of cancer it is necessary to target the cancer cells
and tumor milieu in a specific manner. The targeting of cells with QDs is made
possible by attaching specific proteins, antibodies and peptides onto the surfaces
of the QDs; the latter may then be conjugated, for example, with cholera toxin B
(CTB) and phallotoxin (also called phalloidin) to produce organelle-specific QDs.
The QD-CTB conjugate is able to recognize ganglioside receptors on mammalian
cells [48], its uptake being initiated by caveolae-mediated endocytosis and retro-
grade transport through the Golgi apparatus into the endoplasmic reticulum. In

309



310

8 Prospects of Semiconductor Quantum Dots for Imaging and Photodynamic Therapy of Cancer

similar fashion, phallotoxin will bind specifically to actin filaments, such that the
QD-phallotoxin conjugate can be used to image the actin network and analyze
any changes in the actin filaments within the cell [49]. Apart from these two pro-
teins, however, the targeted intracellular delivery of QDs is focused essentially on
the detection, imaging, and therapy of cancer.

The targeting of cancer cells with specific probes represents a major challenge
not only for the imaging of cancers but also for conducting effective and targeted
PDT. The targeted delivery of QDs depends on the type of cancer cell and the
surface functionality of QDs. For example, specific receptors which are overex-
pressed in many cancers can serve as the target of anticancer drugs and imaging
probes. Thus, QDs conjugated with peptides, antibodies and ligands, which selec-
tively recognize overexpressed receptors in cancers, are widely applied for the
in vitro and in vivo imaging of cancer cells, tumors, and tumor vasculature.

8.8.1
In Vitro Targeting of Cancer Cells with QDs

During recent years, one of the most exciting developments in the application of
QDs has been the in vitro imaging of cancer cells. Shortly after the introduction
of biocompatible QDs in 1998, their use for the imaging of cancer cells was inves-
tigated by conjugating them with cancer-specific ligands/antibodies/peptides. The
result of these studies was a system whereby various types of human cancer cell,
whether derived from prostate cancer, breast cancer, pancreatic cancer, B16F10
melanoma cells, glioblastoma, or cancers of the bone marrow and tongue, could
be detected and imaged.

8.8.1.1 Targeting Cancer Cells with QD-Antibody Conjugates

QDs conjugated with primary or secondary antibodies detect specific receptors
that are overexpressed in cancer cells. For example, QDs conjugated with an anti-
body (Ab) for prostate-specific membrane antigen (PSMA) will bind specifically
with human prostate cancer cells (C4-2). The QD-PSMA-Ab conjugate will bind
efficiently with PSMA-positive C4-2 cells, but not PSMA-negative PC-3 cells [37].
Likewise, QDs without PSMA-AD will not bind to either C4-2 or PC-3 cells. Simi-
larly, QDs conjugated with immunoglobulin G (IgG) will bind specifically with
Her2 receptors [16], a cancer marker which is overexpressed in many breast
cancers, on human breast cancer cells, and in mouse mammary tumor sections.
In this case, the human breast cancer cells (SK-BR-3) and mouse mammary tumor
tissues were effectively labeled with QDs by incubating the cells with Herceptin
(anti-Her2 antibody), followed by QD-IgG conjugates. The targeting of breast
cancer cells (e.g., KPL-4) with QDs was also seen to be possible by conjugating
Herceptin directly onto the surface of the QDs. An recent advanced application of
this method has been the targeted delivery of QDs and anticancer drugs by using
multifunctional immunoliposomes (Figure 8.9a) [47]. In this case, immunolipo-
somes conjugated with CdSe/ZnS QDs and with the anti-Her2 antibody on the
surface and encompassed with doxorubicin, an anticancer drug, efficiently tar-



8.8 Targeting Cancer Cells with QDs

Semiconductor Oreani :
(a) core, ¢.g., CdSc_‘_t__‘ Hem;;n&up

N 4— Tumor-targeting moiety,

Inorganic shell. (7 e.g., anti-HER2/ErbB2
By 205 £ single chain Fv fragment
Pz - Chemically tethered
Poly(ethylene glycol) &N % carboxyl quantum dots
segment fy
== = \
\ =
-

Aqueous interior for
drug and/or functional agent

DSPC/cholesterol/DSPE encapsulation, e.g., doxorubicin

lipid bilayer

(b)

Figure 8.9 (a) Schematic presentation of an immunoliposome
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antibody conjugate (a) and InP QD without antibody (b).
Reprinted with permission from Refs [47] (a) and [51] (b).
Copyright (2008, 2009) American Chemical Society.

geted Her2-overexpressing breast cancer cells such as SK-BR-3 and MCF-7/Her2.
The advantages of this immunoliposome-based targeting over the targeting of
cancer cells with QD-Ab conjugates were three fold: (i) the anti-Her2 antibody
targeted breast cancer cells; (ii) the QDs served as imaging probes; and (iii) the
liposomes delivered anticancer drugs inside the cancer cells. Yet another candidate
for the targeting of breast cancer cells has been that of QDs conjugated to an
antibody to anti-type 1 insulin-like growth factor receptor (IGF1R) [50]. The QD—
anti-IGFR1 conjugate can detect upregulated IGF1R levels in MCF-7 breast cancer
cells, such that pancreatic cancer cells can be selectively labeled and imaged using
QDs conjugated with anti-Claudin-4 antibody and anti-prostate stem cell antigen
(anti-PSCA) [51]. The principle underlying this selective labeling is that the mem-
brane proteins Claudin-4 and PSCA are each overexpressed in both primary and
metastatic pancreatic cancer cells. A fluorescence image of human pancreatic
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cancer cells (MiaPaCa) treated with QDs (InP/ZnS)-anti-Claudin-4 conjugates is
shown in Figure 8.9b; notably, those QDs without the antibody present were not
internalized.

The intracellular distribution pattern of mortalin protein represents another
approach to distinguishing normal cells from cancer cells. Although mortalin is
distributed uniformly in the cytoplasm of normal human cells, in transformed
cells (e.g., human cancer cells) it is found only in the perinuclear region. QD-
streptavidin conjugates were able to distinguish between normal human fetal
fibroblasts (W1-38) and osteogenic sarcoma (U20S) cells, both of which had been
immunostained with an anti-mortalin antibody, followed by a biotinylated second-
ary antibody [52]. Although the labeling pattern was able to distinguish the cancer
cells from normal cells, the selective labeling of cancer cells could not be achieved
using this method.

8.8.1.2 Targeting Cancer Cells with QD-Ligand Conjugates

Ligands based on peptides, proteins and aptamers which specifically recognize
certain receptors that are overexpressed in cancer cells, have shown promise for
the targeting of cancer cells. Examples of promising cancer-specific ligands include
arginine-glycine-aspartic acid (RGD peptide), folic acid, epidermal growth factor
(EGF), and transferrin. The RGD peptide targets the o,f3; integrin, which is over-
expressed in human breast cancer cells (MDA-MB-435) and, more importantly, in
human glioblastoma cells (U87MG). Thus, MDA-MB-435 and U87MG cells may
be selectively labeled with QD-RGD peptide conjugates [53]. The RGD peptide is
also able to distinguish the human breast cancer cell MCF-7, in which the o,;
integrin is not upregulated, from MDA-MB-435 and U87MG cells.

The folate receptor represents another potential target for the imaging and PDT
of human nasopharyngeal epidermal carcinoma cells (KB cells). For example, InP
QDs conjugated with folic acid were shown to bind selectively with KB cells in
which folate receptors were overexpressed [54]. In contrast, human lung carci-
noma cells (e.g., A549) in which the folate receptor was not upregulated could not
be detected with QD—folic acid conjugates.

Aptamers represent another candidate for the selective delivery of QDs into
prostate cancer cells. Typically, QDs conjugated with an A10 RNA aptamer selec-
tively labeled PSMA-positive LNCaP prostate cells, but not PC3 prostate adenocar-
cinoma cells which were PSMA-negative [55]. The efficiency for targeting LNCaP
prostate cells with the QD-aptamer conjugates was essentially comparable to that
of QD-anti-PSMA conjugates [37].

Yet another target in cancer cells is the G-protein-coupled epidermal growth
factor receptor (EGFR), which is overexpressed in many cancer cells (e.g., Chinese
hamster ovary and A431 cells); as a consequence, QD-EGF conjugates may be
efficiently delivered into these cells [30]. Since all of these receptors, as signaling
proteins, are important for the growth, proliferation, and differentiation of normal
cells, when performing PDT it is necessary to apply a suitable concentration of
QD-conjugates in order that the receptors in normal cells are targeted only to a
minimal extent, whilst the overexpressed receptors in cancer cells are targeted
predominantly.
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8.8.2
In Vivo Targeting and Imaging Cancer with QDs

The bright fluorescence and remarkable photostability of QDs represent two
major benefits for in vivo fluorescence imaging. Although the basic principle
underlying in vitro targeting may be applied in vivo, the biodistribution of QDs
remains a clear challenge for in vivo cancer imaging and PDT. Today, the most
widely used method for the in vivo delivery of QD conjugates is systemic intrave-
nous injection, although local administration via subcutaneous and intramuscular
injection may also be used when targeting peripheral cancers. In contrast to the
subcutaneous and intramuscular injection of QDs, multiple factors — notably
interactions with the blood components and the immune response — must be paid
strict attention when QDs are injected directly into the blood. With the intro-
duction of QD-conjugates capable of specifically recognizing cancer cells, the
applications of bioconjugated QDs gradually moved in the areas of in vivo imaging
and PDT of cancer.

The in vivo application of QDs was first assessed by injecting CdSe/ZnS QDs
coated with peptides into the tail vein of a mouse [56], after which the injected
QDs were seen to distribute preferentially into endothelial cells lining the blood
vessels of the lungs. QDs conjugated to peptides with an affinity for cancer cells
and the tumor vasculature also bound preferentially bound to the tumors, as
indicated by the ex vivo fluorescence microscopic imaging of tissue sections. A
variety of QDs bioconjugated with cancer markers, such as an antibody to PSMA
[37], RGD peptide [53], alpha-fetoprotein [57] and anti-Her2 antibody [47], have
been tested in vivo in mouse models. Intravenously injected QD-PSMA antibody
conjugates were shown to localize efficiently in human prostate cancer implanted
subcutaneously in mice [37], as characterized by in vivo imaging of the whole
animal (Figure 8.10a). The distribution of QD-PSAM antibody conjugates in the
tumor milieu may be controlled by specific binding between the antigen and
antibody. As noted in Section 8.8.1, the RGD peptide binds selectively with o,3;
integrin overexpressed in human breast cancer cells (MDA-MB-435) and glioblas-
toma cells (U87MG). Thus, the NIR QD-RGD conjugate, when administered
intravenously to mice bearing subcutaneous U87MG human glioblastoma, was
efficiently localized in the tumor [53]. Figure 8.10b shows the signal-to-background
ratio of NIR QD-RGD conjugates targeted in the tumor. The targeting of gliob-
lastoma with QD-RGD conjugate is characterized by both in vivo fluorescence
imaging of the whole animal, and ex vivo fluorescence imaging of the tumor. The
in vivo imaging of human hepatocarcinoma cells, implanted subcutaneously in
mice, using a QD conjugated with an antibody to alpha-fetoprotein (anti-AFP), is
another example [57]. AFP, a major component of mammalian serum, is an
important marker protein for liver cancer. QD—-anti-AFP conjugates introduced
systemically by tail vein injection in mice accumulate efficiently in subcutaneously
grown HCCLMG6 human hepatocarcinoma cells. In contrast to these antibodies
and peptides, immunoliposomes developed for both in vivo targeting cancer and
chemotherapy are multifunctional with respect to imaging and drug delivery. For
example, liposomes conjugated with NIR QDs and anti-Her2 antibody, and
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Figure 8.10 (a) Fluorescence image of human prostate cancer
implanted in a mouse. Here, the tumor is targeted with
anti-PSMA antigen-conjugated CdSe/ZnS QDs; (b) Histogram
of fluorescence signal from U87MG tumor-bearing mice
injected with NIR QD-RGD peptide. Reprinted by permission
from Macmillan Publishers Ltd: Nature Biotechnology Ref.
[37], copyright (2004) (a), and reprinted with permission from
Ref. [53] (b).

encompassed with doxorubicin (see Section 8.8.1.1) were shown to target MCF-7/
Her2 xenografts implanted in nude mice. This targeting method has a great poten-
tial to be extended for the targeted PDT of cancer.

8.8.3
In Vivo Targeting of Tumor Vasculature and Lymph Nodes with QDs

Targeting of the tumor vasculature and lymph nodes with bioconjugated QDs
represents a promising approach for the in vivo imaging and PDT of cancer.
Recently, applications of bioconjugated for vasculature imaging have emerged
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demonstrating the two-photon excited fluorescence imaging of capillaries in
adipose tissue and skin in live mice [19]. For this, water-soluble CdSe/ZnS QDs
are administered by tail vein injection, followed by NIR excitation and imaging.
The large two-photon absorption cross-section of QDs allowed effective excitation
of the QDs with NIR light. Two-photon excited fluorescence imaging was later
applied for imaging the tumor vasculature using PEG—phosphatidylethanolamine-
labeled CdS/ZnS and CdSe/ZnCdS QDs in C3H mice bearing isogenic mouse
adenocarcinoma (MCalV) tumor implants [58]. The above-mentioned QD-RGD
peptide conjugate is another example for imaging the tumor vasculature.

Lymph node metastasis is an important symptom of cancers; thus, the imaging
lymph nodes and lymphatic drainage may be of great help when staging cancers.
The fluorescence visualization of sentinel lymph nodes also helps physicians to
locate and dissect samples for biopsy. On this basis, bioconjugated QDs have
become widely used for the fluorescence imaging of lymph nodes in animal
models. For example, sentinel lymph nodes in the mouse and pig may be imaged
in vivo using phosphine-coated NIR CdTe/CdSe QDs [59], with lymph nodes 1cm
below the skin being successfully visualized under NIR excitation. Lymph nodes
may also be imaged by using QDs without any specific surface functional group.
For example, lymph nodes in mice are visualized fluorescently by injecting CdSe/
ZnS and CdSe/CdTe/ZnS QDs coated with negative-, positive-, and neutral-ter-
minated PEG molecules [60]. These PEG-coated QDs are injected either intrave-
nously or directly into subcutaneously grown tumors. All three types of QD drain
towards the inguinal node, and this can be visualized though the skin under
both visible and NIR excitation. Importantly, carboxylic acid-conjugated QDs
are drained selectively into the right inguinal and axillary lymph nodes in the
tumor-bearing side (Figure 8.11). Despite the efficient in vivo visualization of
lymph nodes associated with tumors, QDs are retained in the first draining lymph
nodes due to their large size. Unfortunately, this may cause problems when
imaging distant lymph node metastases for deciding the boundaries for PDT
and surgery.

tumor

Figure 8.11 Nude mouse bearing M21 melanoma, dorsal view
3 min after injection into the tumor using 655nm PEG
5k—COOH QDs. Left, visible light; right, fluorescence at

655 nm. Reprinted with permission from Ref. [60]. Copyright
(2007) American Chemical Society.

315



316

8 Prospects of Semiconductor Quantum Dots for Imaging and Photodynamic Therapy of Cancer

8.9
Quantum Dots for Photodynamic Therapy of Cancer

Bioconjugated QDs bearing cancer-selective antibodies and peptides are well-
demonstrated agents for targeting and visualizing cancer in vivo. However, the
photosensitized production of ROIs at high efficiency is the primary requirement
for PDT, for which the efficient absorption of light (especially in the NIR region),
a long-lived excited state, photostability and biocompatibility are necessary. Thus,
the bright fluorescence and incredible photostability of QDs, along with in vivo
cancer targeting, promise the development of QDs for the image-guided PDT of
cancer. The broad absorption band and large two-photon absorption cross-section
of QDs, as well as the availability of NIR QDs, are added advantages of QDs to
become the standard photosensitizers for PDT.

8.9.1
Quantum Dot Alone for PDT

The potential of QDs alone for PDT depends on the efficiency of energy transfer
from photoexcited QDs to molecular oxygen, and the production of ROIs. The
direct photoactivation of QDs in both organic and aqueous phases produces singlet
oxygen, the efficiency of which is extremely low (<5%). For example, hydrophobic-
capped CdSe QDs with a 65% fluorescence quantum efficiency produce only ~5%
singlet oxygen in toluene [61]. Phosphorescence emission ~1270nm is the stand-
ard for detecting singlet oxygen. The low efficiency of QDs for singlet oxygen
production is due to short-lived excited states (<100ns). In addition, other factors
such as how the size, surface chemistry, and organic and polymer capping of QDs
interfere with collisional quenching of the excited state by oxygen, remain
unknown. On the other hand, conventional photosensitizers such as porphyrins
and phthalocyanines, which have small size and long-lived triplet states (micro-
seconds to milliseconds), produce ROIs at much higher efficiencies (up to 75%).
Despite QDs producing singlet oxygen at low efficiency, the incredible photostabil-
ity of QDs offers prolonged photoactivation and a persistent production of singlet
oxygen and other ROIs. Thus, QDs can offer cumulative effects in PDT. For
example, the prolonged photoactivation of CdSe/ZnS QDs conjugated to DNA
results in strand breakage and nucleobase damage [62]. Such breakage and damage
of DNA are due to the production of ROIs such as singlet oxygen and hydroxyl
radicals, followed by the abstraction of hydrogen atoms from the bases or the
pyranose ring in DNA. The abstraction of hydrogen atom creates radical centers
in DNA and results in the breakage and damage of DNA. ROI production by
photoativated QDs, and the subsequent breakage and damage of DNA, are shown
schematically in Figure 8.12. The photosensitized DNA breakage and damage by
QDs is promising for nucleus-targeted PDT if combined with the targeting nucleus
of cancer cells. The photoactivation of QDs delivered in cancer cells also results
in the production of superoxide and peroxynitrite, and the breakage of lysosomes
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Figure 8.12 (a) Schematic presentation of ROl production by
a QD; (b) Reactions of a DNA molecule with hydroxyl radical
and subsequent nucleobase damage and strand breakage in
DNA. Reprinted with permission from Ref. [62]. Copyright
(2008) American Chemical Society.

[63]. Thus, the properties of QDs such as photostability, photosensitized produc-
tion of reactive oxygen and nitrogen intermediates, and the damage and breakage
of DNA and lysosomes, demonstrate the potential of QDs alone as photosensitiz-
ers for PDT.
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8.9.2
Potentials of QD—Photosensitizer Conjugates for PDT

There are many advantages and limitations for both conventional photosensitizers
and QDs when separately applied for PDT. For example, the unique optical proper-
ties — especially the NIR absorption, large two-photon absorption cross-section,
broad absorption band and photostability — of QDs show promise for PDT, but
not the efficiency of ROI production. On the other hand, the optical properties of
conventional photosensitizers, such as the narrow absorption band and poor pho-
tostability, are not attractive for PDT, but rather for the high efficiency of ROI
production. In other words, the advantages of QDs complement the limitations of
photosensitizers, and vice versa. Therefore, a combination of QD and conventional
photosensitizers would serve as an ideal drug for modern PDT. In such coupled
QD-photosensitizer systems, the photosensitizers are indirectly excited by nonra-
diative energy transfer (also called Forster resonance energy transfer; FRET) from
photoactivated QDs. Thus, the FRET efficiency becomes critical for the photosen-
sitized production of ROIs. The FRET efficiency varies inversely with the sixth
power of the distance between the energy donor (QD) and the energy acceptor
(photosensitizer), such that close conjugation (typically within 10nm) of the pho-
tosensitizer on the QD is necessary for efficient energy transfer and ROI produc-
tion. QD-based FRET systems are widely applied as biosensors [64], while several
QD-photosensitizer systems composed of CdSe, CdSe/ZnS, and CdTe as energy
donors and porphyrins, phthalocyanines, Rose Bengal, and metal complexes as
energy acceptors, have also been developed for PDT applications. The photoactiva-
tion of a QD—photosensitizer conjugate, the energy transfer from QD to photosen-
sitizers, and the production of ROI are shown in Figure 8.13.

Regenerate or not, depending
on energy (En.)electron (El.) transfer

<1 3
ROl o102 °0;
Figure 8.13 Energy-transfer processes in a photoactivated

QD-photosensitizer system, and the production of ROlIs.
Reprinted with permission from Ref. [3].
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The advantages of such QD—photosensitizer conjugates are many. For example,
indirect photoactivation avoids photobleaching of the photosensitizers, while the
large surface area and biocompatibility of QDs offer a platform for conjugating
multiple photosensitizer molecules that are otherwise hydrophobic and insoluble
in the aqueous phase. The photosensitizer, when excited by energy transfer from
the QDs, relaxes to its long-lived triplet state and initiates ROI production (see
Section 8.2). Thus, a higher efficiency for ROI production and photostability of
the sensitizer can be achieved for QD—photosensitizer systems.

One example of a QD-photosensitizer system is a noncovalent mixture of CdSe
QDs and an aluminum phthalocyanine [65]. The in vitro PDT of leukemic cells
was assessed by labeling the cells with a QD-anti-CD90 conjugate, followed by
illumination with UV light in the presence of aluminum phthalocyanine. Here,
although sensitization of leukemic cells was observed, energy transfer from
QDs on the cell wall to photosensitizers either in the culture medium or adsorbed
onto the cell wall, was not warranted. The photoactivation of cells with UV
light, which directly damages DNA and other vital biomolecules, is undesirable
for PDT.

The first example of a QD—photosensitizer conjugate is CdSe QDs conjugated
with silicon phthalocyanine (Pc4) [61]. Figure 8.14 shows QD—-Pc4 conjugates with
varying donor-to-acceptor distances, and their steady-state fluorescence spectra.
These CdSe-Pc4 conjugates have been investigated extensively, and their physical
and chemical parameters for FRET optimized. The energy transfer efficiency in
these conjugates depends on the number of Pc4 molecules on the surface of a
single CdSe QD, and the length of the spacer between CdSe and Pc4. Maximum
energy transfer efficiency is obtained when three Pc4 are conjugated to one CdSe
QD. Photoactivation of the QD-Pc4 system resulted in an efficient energy transfer
from QDs to Pc4, identified by transient absorption measurements. QD-Pc4 was
also found to be capable of producing singlet oxygen. The major concern regarding
the QD—Pc4 system for PDT is its poor water-solubility. Examples of water-soluble
QD-photosensitizer conjugates are CdTe QDs conjugated with meso-tetra(4-sul-
fonatophenyl)porphine dihydrochloride [66] and sulfonated aluminum phthalo-
cyanine [67], and CdSe/CdS/ZnS QDs conjugated with Chlorin e6 and Rose
Bengal [68]. Among these systems, QD-Chlorin e6 and QD-Rose Bengal are
attractive for PDT due to their higher efficiency (>30%) for singlet oxygen produc-
tion. The QD-Chlorin e6 and QD-Rose Bengal systems are prepared by covalently
conjugating the photosensitizer to a phytochelatin peptide, followed by coating of
the surface of QDs with the peptide—photosensitizer conjugates. A typical example
of water-soluble QD-phthalocyanine conjugates is CdTe—aluminum phthalocya-
nine tetrasulfonate, which is prepared by conjugating aluminum phthalocyanine
tetrasulfonate to CdTe QDs capped with thioglycolic acid [67]. This QD-photosen-
sitizer system provides ~15% singlet oxygen quantum efficiency. Although neither
in vitro nor in vivo PDT experiments using QD-photosensitizer have yet been
investigated in detail, singlet oxygen production by QDs and QD-photosensitizer
systems and the photostability of QDs demonstrates the potential of QDs for
applications in the imaging and PDT of cancer.
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Figure 8.14 (Top) Energy transfer from QD to Pc4 with
varying QD-to-Pc4 spacer length. Here, the FRET efficiency
varies from 23 to 77%. (Botttom) Fluorescence spectra of
QD-Pc4 conjugates with varying spacer length. Reprinted with
permission from Ref. [69] with permission from Springer
Science and Business Media.

8.10
Toxicity of QDs

Several issues remain concerning the extension of QDs to in vivo applications in
humans, notably those of toxicity and pharmacokinetic. The most attractive QDs
for in vivo imaging and PDT contain cadmium, which is known to not only accu-
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mulate in vital organs such as the liver and kidneys, but also to damage DNA and
protein molecules. In addition, as the half-life of cadmium in humans is approxi-
mately 20 years, cadmium-based core-only QDs, and core-shell QDs based on
cadmium shells, are less attractive for in vivo imaging and PDT. A number of
controversial reports have been made relating to the toxicity of cadmium-based
QDs. For example, mercaptoacetic acid-coated CdSe QDs were shown to release
Cd** as a result of both air oxidation (126 ppm) and UV illumination (82 ppm) [70];
such levels of Cd** are highly toxic and cause cell death. As the release of Cd** by
QDs is due to oxidation-induced surface etching, the cytotoxicity of QDs can be
avoided by coating the surface with suitable protecting shells. For example, CdSe
QDs coated with ZnS shells essentially do not release Cd** ions under UV illumi-
nation [70]. In general, QDs shelled with ZnS, silica and polymers are rather safe
for in vitro applications. However, an additional mechanism of toxicity — that is,
the precipitation of QDs onto the cell membrane — exists for polymer-shelled QDs
at high concentrations [71].

The scenario of the in vivo toxicity of QDs is different from that of in vitro cyto-
toxicity. Whether QDs accumulate in vital organs or are cleared from the body
depends on their hydrodynamic size; notably, the plasma half-lives of QDs with
large hydrodynamic sizes are extended, which not only results in an increased
accumulation of QDs in the vital organs but also affects their pharmacokinetics.
In general, the longer the half-life of QDs in the body, the greater are the chances
for biochemical degradation of the protection shells and consequent release of
Cd*. As an example, when QDs were administered systemically to rats they accu-
mulated in the sinusoid edges of liver, the red pulp of the spleen, the subcapsular
sinus in the lymph nodes, and vascular sinus periphery in the bone marrow [72].
The glomerular barrier and small pore size of the mammalian vasculature are
limiting factors for the clearance of larger QDs from the body. A typical example
is the renal clearance of smaller QDs of 4.36 nm diameter into the urinary bladder,
and the distribution of larger QDs of 8.65nm diameter into vital organs such as
the liver, spleen, and lungs [73]. Thus, the in vivo administration of cadmium- or
other toxic metal-based QDs with a hydrodynamic diameter >5nm is not recom-
mended. Although, larger particles are removed from the body by phagocytosis,
this mechanism is not considered “safe” for QDs, due to possible degradation and
subsequent release of metal ions under the highly oxidative conditions of phago-
cytosis. Thus, for advanced in vivo imaging and PDT it is necessary to develop QDs
without toxic metals. In this case, one promising candidate is InP QDs, the biologi-
cal applications of which are currently under active investigation.

8.11
Conclusions

Semiconductor QDs are attractive materials for the in vivo imaging and PDT of
cancer, due to their unique optical properties such as size-tunable absorption
and fluorescence bands, exceptional photostability, large two-photon absorption
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cross-section, and broad absorption and narrow fluorescence bands. These unique
properties, combined with the good availability of NIR QDs, continue to show
promise for the replacement of conventional organic dyes and second-generation
photosensitizers. One notable advantage of QDs is their large surface area for
bioconjugation, and consequently their surface, polymer and bioconjugate chem-
istries have been efficiently exploited, with many biocompatible QDs having visible
and NIR absorption and fluorescence having been prepared. On the basis of such
biocompatibility, QD use has begun to infiltrate cancer research, and many bio-
conjugates for imaging cancer cells, tumors, tumor vasculature and lymph nodes
have been developed. These bioconjugates include QD-antibody and QD-peptide
conjugates which can efficiently target prostate, breast, pancreatic, liver and tongue
cancers, both in vitro and in vivo. In parallel, the photosensitized generation of
singlet oxygen and other ROIs (both of which are essential elements of PDT) by
QDs alone, by mixtures of QDs and photosensitizers, and by conjugates of QDs
and photosensitizers, have been identified. Such photostability and ROI produc-
tion make QDs potential candidates for PDT. Thus, an interface between the
targeted delivery of QDs in cancers and the efficient generation of ROIs is under
active investigation for advancing the in vivo imaging and PDT of cancer. Recent
developments, such as self-illuminating QDs, afterglow nanoparticles and X-ray-
activated fluorescence from QDs, have shown great promise for the imaging and
PDT of deep cancers that cannot be accessed by visible and NIR light. Despite
these advantages of QDs and bioconjugated QDs, it remains necessary to optimize
their in vivo applications, notably to remove concerns regarding their cytotoxicity
and pharmacokinetics, before their application to humans.

Abbreviations

CPP Cell-penetrating peptide

CTB Cholera toxin subunit B

DHLA Dihydrolipoic acid

EGFR Epidermal growth factor receptor
FRET Forster resonance energy transfer
FTP Alpha-fetoprotein

IGF1R Insulin-like growth factor receptor
IgG Immunoglobulin G

NIR Near-infrared

PDT Photodynamic therapy

PEG Polyethylene glycol

PI-3K Phosphoinositide-30H kinase

PS Photosensitizer

PSCA Prostate stem cell antigen

PSMA Prostate-specific membrane antigen
QDs Quantum dots

RGD Arginine-glycine-aspartic acid
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Type-l and Type-ll Core-Shell Quantum Dots:
Synthesis and Characterization

Dirk Dorfs, Stephen Hickey and Alexander Eychmiiller

9.1
Introduction

The physical and optical properties of semiconductor quantum dots (QDs) are
interesting for a variety of applications. However, due to their very large surface/
volume ratio, semiconductor QDs can also lose some of their desirable properties
due to, for example, corrupted surfaces. Thus, the protection and passivation of
the QD surface is of major importance for almost all of their possible applications.
In most cases, this passivation is performed through the coating of a given semi-
conductor material with another material having a larger bulk bandgap than the
core substance and a relative position of the bands, such that both charge carriers,
the electrons, and the holes are confined to the core. This energetic situation is
called type-I. In contrast, in type-II structures, the electrons and holes are sepa-
rated so that one is located in the core material the other in the shell material.
Both systems have been synthesized via various routes in recent years, and will
be reviewed in the first part of the chapter. Subsequently, data will be provided
relating to spherical semiconductor nanoheterostructures exhibiting more than
one shell. The section describing ultraviolet-visible (UV-Vis) active nanomaterials
concludes with a review on nonspherical core-shell systems, namely elongated
rod-like structures, and a brief outline on the characterization of the aforemen-
tioned different nanoheterostructures. The timely consideration of steady develop-
ments presently being made in the area of infrared (IR) active materials is also
addressed. Hence, a brief synopsis of the progress that has been achieved in the
field to date is followed by a discussion of the synthesis and characterization of a
number of near-infrared (NIR) nanomaterials is presented. Finally, a more in-
depth discussion of the resultant type-I and type-II core-shell NIR materials is
undertaken.
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9.2
Core—Shell UV-Vis Nanoparticulate Materials

9.2.1
Type-l Core-Shell Structures

One of the main differences of semiconductor QDs in comparison with the cor-
responding bulk materials is the strongly increased band gap fluorescence observed
in QDs. It could be shown that the quantum yield of a QD depends mainly on the
surface properties of the nanocrystal. The quantum yield is high if the surface is
well passivated, which means that all surface valences are saturated, for example,
by organic ligands which are present in most QD systems as a consequence of the
synthetic process.

However, these ligands may possibly be weakly bound, resulting in a dynamic
equilibrium of adsorbing and desorbing ligands, and they can also be sensitive to
all types of post-synthetic treatments of the QDs. Thus, a more stable method
to saturate—and thus passivate—the nanoparticle surface was required in order to
obtain QDs with high quantum yields and which also retained their fluorescence
properties under various post-synthetic conditions.

The so-called core—shell structures were synthesized in order to passivate these
surface traps, and thus increase the quantum efficiencies of the QD. Pioneering
studies were conducted by Spanhel et al., who reported a significant enhancement
of the band gap fluorescence of CdS QDs synthesized in water when treated with
OH™ in the presence of excessive Cd** [1]. This increase in quantum yield was
attributed to a passivating shell of Cd(OH), which formed around the QD and
effectively hindered the free charge carriers from reaching the particle surface (and
hence the trap states located at the particle surface).

Nowadays, most core-shell QDs are synthesized in high-boiling organic solvents
based on the CdE (E = S, Se, Te) synthesis of Murray et al. [2]. This synthesis yields
samples with a much lower degree of polydispersity than the older water-based
synthesis. The first example of a successful shell growth of another semiconductor
material (ZnS in this case) onto CdSe QDs synthesized in organic solvents was
reports by Guyot-Sionnest et al. in 1996 [3], and another very detailed study on the
same system followed soon after by Bawendi et al. [4], while a systematic study of
the growth of CdS onto CdSe QDs was reported by Peng et al. [5].

Both systems—CdSe/ZnS and CdSe/CdS core—shell nanocrystals—were subse-
quently studied in great detail, and are today standard systems when QDs with a
high fluorescence quantum yield are required. The choice of CdSe as one of the
most popular core materials for core—shell structures originates from its bulk band
gap of 1.7eV (corresponding to a photon wavelength of 728 nm), which allows the
covering of almost the entire visible range of the spectrum with this material using
QDs in a size regime of 1.7nm to 6nm in diameter. The choice of ZnS and CdS
as popular shell materials for CdSe QDs originates from two different physical
properties. While ZnS exhibits a wide band gap of 3.7eV, which allows the free
charge carriers to be effectively confined to the core of the core—shell particles even
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Figure 9.1 Left: Transmission electron microscopy images of
CdSe nanocrystals and CdSe/CdS core-shell particles with
one, three, and five ionic monolayers of a CdS shell; Right:
The corresponding absorption and emission spectra [6].

with quite thin shells, it has a significant lattice mismatch with CdSe, which makes
an epitaxial growth more challenging than for materials with a smaller lattice
mismatch. CdS as a shell material for CdSe nanocrystals has a comparatively low
lattice mismatch, allowing the epitaxial growth of thicker shells; however, the band
gap of this material (2.5 eV) is smaller than that of ZnS, which causes the electronic
passivation to be less effective at a given shell thickness.

Absorption and emission spectra of CdSe/CdS core-shell structures are shown
in Figure 9.1. The main findings from these spectra are: (i) the first absorption
maximum is shifted towards a lower energy with an increase in CdS shell thick-
ness; and (ii) the fluorescence quantum yield is greatly enhanced in the core-shell
QDs compared to the pure CdSe QDs. These findings can be explained as follows:
the shift towards lower energies originates from a relaxation of the wavefunctions
of both charge carriers into the CdS shell (however, the contribution of the electron
should be much larger than that of the hole, as its effective mass is smaller and
the band offsets between the conduction bands of both materials is smaller than
the offset in the valance bands, both of which allow the electron to tunnel “more
easily” into the shell than the hole), while the increase in quantum efficiencies
originates from the passivation of surface trap states of the original QD and the
much lower amplitude of the probability density function at the surface of the
core—shell particle. For ZnS coating, which is the other very common coating
material for CdSe, the observations are similar but also show two main differences:
(i) the shift of the first absorption maximum towards lower energies is less pro-
nounced; and (ii) the fluorescence quantum yield passes through a maximum at
a thickness of the ZnS coating of 1.8 monolayers [4], while thicker coatings will
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cause the quantum yield to drop again. The less-pronounced shift of the first
electronic transition can be explained with the very high band gap of ZnS com-
pared to the band gap of CdS—hence, the relaxation of the charge carrier wavefunc-
tions into the ZnS$ shell is much weaker than in the CdS case. The maximum in
the fluorescence quantum yield can be explained by the large lattice mismatch
between CdSe and ZnS, which causes considerable lattice strain and thus can
cause crystallographic defects upon thicker ZnS coating.

The experimental procedures available for the colloidal synthesis of core-shell
structures have improved considerably during the past decade. The first attempts
dealt with aqueous media, and yielded materials with comparably high polydisper-
sities. Subsequently, the pioneering studies of Guyot-Sionnest demonstrated the
possibility of synthesizing core—shell structures in high-boiling organic solvents,
and these showed a considerably lower polydispersity than their aqueous counter-
parts. The synthesis in high-boiling solvents was then further developed, for
example, by Peng et al. [6], and this gave rise to an easy control of the shell thick-
ness. Today, a variety of type-I core—shell structures can be synthesized in organic
solvents, including CdSe/CdS [5], CdSe/ZnS [3, 4], CdS/ZnS [7], and InP/ZnS [8].

Due to their high fluorescence quantum yields and high photo- and chemical
stabilities, type-I core—shell structures represent extremely interesting alternatives
to common organic dye molecules with regards to labeling processes (e.g., “biola-
beling,” which is the in vitro or in vivo labeling of a bio molecule of interest which
is then traced by detecting the photoluminescence (PL) of the QD [9]). Compared
to the organic dyes in particular, the strongly enhanced photostability is important
as well as the much narrower line width of the emission lines, which enables
multicolor labeling.

9.2.2
Type-1l Core-Shell Structures

Whilst in type-I semiconductor heterostructures, the band gap alignment leads to
a confinement of the charge carriers in one compartment of the heterostructure,
the opposite is true for type-1I nanoheterostructures.

The electron and hole are localized in two different compartments of the heter-
ostructure in a type-II structure, and this usually leads to a significantly slowed
down recombination rate of the charge carriers and thus to an extended lumines-
cence lifetime.

While type-I nanoheterostructures are usually superior compared to homogene-
ous QDs in terms of their fluorescence quantum yield and photostability, type-II
heterostructures have other major differences compared to type-I structures and
homogeneous QDs. First, the staggered band alignment gives rise to a spatially
indirect transition which occurs at lower energies than both of the band gaps of
the two materials used (when not taking into account the additional quantization
energy). Hence, type-1I core—shell QDs can be emitters at wavelengths that cannot
be achieved with any of the two materials alone. Furthermore, the luminescence
lifetime of type-II heterostructures is strongly increased.
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Another, recently much-discussed, application of type-II core—shell QDs is the
lasing of nanoparticles. Due to the type-II band alignment and lower overlap of
the charge carrier wave functions, the exciton—exciton interaction becomes repul-
sive in type-II structures whilst being attractive in type-I systems. As demonstrated
by Klimov et al., this behavior may prove advantageous when using QDs for ampli-
fied stimulated emission (ASE), which might open the way towards QD-based
lasers.

Among the first colloidal type-II systems to be studied were CdTe/CdSe core—
shell particles [10]. In these structures, the band offsets of the two materials cause
the electron to be located in the CdSe shell, while the hole is confined to the core
of the nanocrystals. The possibility of a spatially indirect transition from the CdTe
valence band to the CdSe conduction band causes the absorption and emission
wavelength of these structures to be strongly shifted towards lower energies com-
pared to the pure CdTe nanoparticles, and even makes accessible wavelengths
which would not be accessible with one of the two materials alone. Thus, the
emission wavelength in these core-shell structures can be tuned up to 1000 nm.

Another system that was intensively studied, especially in the context of ASE
from nanoparticles, was the CdS/ZnSe core—shell nanoparticle [11], with the group
of Klimov et al. successfully demonstrating their use for ASE. Figure 9.2 shows
the emission spectra of CdS/ZnSe core-shell nanocrystals with two different CdS
core sizes (1.6 and 2.4nm) and different ZnSe shell thicknesses [12]. The first
finding here is that the emission wavelengths are smaller than the bulk band gaps
of both materials (CdS = 2.5eV; ZnSe = 2.7¢V), and thus can be assigned to a
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Figure 9.2 Emission spectra of CdS/ZnSe type-Il core—shell
nanocrystals (different core diameters and different shell
thicknesses). The insets show emission spectra measured
immediately after excitation at high pump intensities, which
can be deconvoluted into a long-living part of the single
excited particles and a very fast decaying part from double-
excited particles [12].
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spatially indirect recombination of a hole in the ZnSe valence band with an elec-
tron in the CdS conduction band (in the bulk, this transition would correspond to
an energy of 1.8eV).

The insets in Figure 9.2 show early time emission spectra measured immedi-
ately after the excitation at high pump energies. The main finding here is that the
early time emission spectra can be deconvoluted into two signals, which can be
assigned to a very fast decaying component originating from doublly excited
particles (labeled as XX) and to a long-living component (labeled as X). The shift
of the XX transition compared to the X transition has a magnitude of approxi-
mately 100meV, and the XX transition is shifted towards higher energies. Both
findings are related to the type-II structure of the nanocrystals. In type-I nanoc-
rystals where the electron(s) and hole(s) are located in the same area of the nanoc-
rystal, the exciton—exciton interactions are usually weak and attractive; thus, the
XX transition would be shifted by small value towards lower energies. However,
a different behavior is observed for type-II systems as, due to the spatial separation
of electron(s) and hole(s), the exciton—exciton interaction becomes strong
and repulsive, causing a much larger shift of the XX transition towards higher
energies.

This behavior has interestingly an advantageous consequence when examining
the ASE behavior of the nanocrystals. As can be seen in Figure 9.3 (left), ASE in
type-I systems can only be observed at the wavelength of the XX transition, and
hence from doubly excited particles. In the case of the type-II systems, however,
ASE can be observed also from singly excited particles, and thus at the center of
the ensemble emission wavelength. This behavior causes the pump energy thresh-
old for ASE to be much lower in case of type-II systems than with type-I systems
(see Figure 9.3, right). This behavior is responsible for type-II nanoheterostruc-
tures being very promising candidates for QD (rod)-based lasers.

XX band
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Figure 9.3 Left: ASE spectra of type-l nanocrystals (CdSe
nanocrystals) and of type-Il nanocrystals (CdS/ZnSe
core—shell nanocrystals); Right: ASE intensity as a function of
pump energy for type-l and type-ll systems [12].
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9.23
Multiple Shell Structures

A more complicated structure, namely the QD quantum well system, which con-
sists of CdS particles with an embedded layer of HgS, was first synthesized in
1993 [13]. These particles were examined with different characterization tech-
niques, including static and time-resolved photoluminescence, transient photob-
leaching, and high-resolution electron microscopy. The results obtained were
compared with theoretical data, and the findings on this model system are
summarized.

Likewise, research progress into different multishell nanocrystals will also be
surveyed, describing three types of nanostructure: (i) Ternary core—shell shell
systems with an intermediate layer as a “lattice adapter”; (ii) double QD quantum
well (double-QDQW) systems; and (iii) an “inversed QDQW” system. Sorting
multilayered nanocrystals into these three categories is justified by the different
potential steppings of the semiconductor materials involved. Figure 9.4 shows the
principal potential steppings of the valence and conduction bands in these three
types of multilayered system.

The potential stepping on the left in Figure 9.4 causes both charge carriers
(electron and hole) to be confined in the core of the nanocrystal (as above: type-I
situation). In the case of QDQW systems (middle), the electron and hole are con-
fined in the potential well, which is embedded in the QD. In the case of the
“inversed” QDQW systems (right), the charge carriers are located in the core of
the nanocrystal and in the outer shell. Depending on the different potential step-
pings, each of these systems will show unique properties (see below).

Based on polyphosphate-stabilized water-soluble CdS nanocrystals, the QDQW
system consisting of CdS nanocrystals with an embedded layer of HgS (a QW
within a QD) became a model system for a number of fundamental studies.

The synthetic concept was developed by Mews et al. in 1993 [13, 14]. To a solu-
tion of CdS QDs, Hg**-ions were added; this resulted in a substitution reaction on
the particle surface, where the outermost layer of Cd-ions was replaced by Hg-ions
and the Cd-ions were released into the solution (cf. Figure 9.5). By analyzing the
concentration of the free Cd- and Hg-ions in solution it was shown that, for an
excessive addition of Hg-ions, no further substitution reaction took place, as no

_L|_,_I__LI_LI__I'I_I'L
_’_I_L\__I'I_I'I__I_I_LI_

Figure 9.4 Potential stepping in core—shell-shell (CSS)
nanocrystals (left), quantum dot quantum well (QDQW)
nanocrystals (middle) and “inverse” QDQW nanocrystals

(right).
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Figure 9.5 Scheme of the synthesis of CdS/HgS/CdS QDQW:s
and TEM images at various stages of the synthesis.

further increase in Cd-ion concentration occurred while the Hg-ion concentration
suddenly began to rise. This indicated that only one ionic monolayer had been
substituted. Subsequently, the Cd-ions released into solution could be reprecipi-
tated onto the particles by the addition of H,S. The emerging colloidal particles
consisted of a CdS core surrounded by a monolayer of HgS, and almost one mon-
olayer of CdS as the outermost shell. From this point the preparation was seen to
divide into two branches: (i) either increasing the HgS layer thickness; or (ii)
increasing the thickness of the outermost CdS layer. The thickening of the HgS
layer was achieved simply by repeating the substitution and reprecipitation steps
described above. An increase in the CdS layer thickness was performed independ-
ently of the thickness of the formerly prepared HgS layer by the further addition
of Cd-ions and precipitation of these onto the nanocrystals with H,S.

The spectral evolution in the course of the further preparation is depicted in
Figure 9.6. The major finding was a strong shift of the absorption onset towards
lower energies, with an increase in the thickness of the HgS well. This behavior
could be explained with the small band gap of HgS (0.5eV) with respect to CdS
(2.5eV), and a localization of the charge carriers in the HgS wells. One remarkable
finding was that the CdS capping of the particles also led to a significant shift of
the absorption onset towards lower energies, even though CdS itself cannot absorb
in this spectral region.

Theoretical calculations for these structures were performed by the same group
in 1994 [15], applying the “particle in the box” model with the effective approxima-
tion resulting in calculated values for the first electronic transition and the cor-
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Figure 9.6 Absorption spectra of the colloidal solutions
of (a) CdS, (b) a + 8 x 10°M Hg*, (c) b + H,S, (d)
c+8x10°M Hg™, (e) d + H,S, (f) e + 8 X 10° M Hg?”,
and (g) f+ H,S (see Figure 9.5).

responding wave functions for the charge carriers. The presented results were in
good agreement with the measured optical data. Further theoretical treatments
were carried out by Bryant et al. after 1995 [16, 17].

Transient photobleaching experiments have been performed on these structures
[18], with the most interesting result being that the photobleaching followed (spec-
trally) the newly evolving 1s-1s electronic transition of the composite particles.
Some considerations concerning the charge carrier dynamics in the novel QDQWs
were also outlined by these authors.

The subpicosecond photoexcitation of CdS/HgS/CdS QDQW nanoparticles at
wavelengths shorter than their interband absorption (390nm) leads to a photob-
leach spectrum at longer wavelengths (440-740nm) [19]. The photobleach spec-
trum changes, and its maximum red-shifts with increased delay time. These
results may be explained by the rapid quenching of the initially formed laser-
excited excitons by two types of energy acceptor (traps); the first trap is proposed
to be due to CdS molecules at the CdS/HgS interface, while the second trap is
that present in the CdS/HgS/CdS well. The results of excitation at longer wave-
lengths, as well as the formation and decay of the bleach spectrum at different
wavelengths, strongly support this description.

The homogeneous absorption and fluorescence spectra of the CdS/HgS QDQW
system were also investigated using transient hole burning and fluorescence line-
narrowing spectroscopy. Again, these photophysical measurements provided evi-
dence for a charge-carrier localization within the HgS well [20].

High-resolution transmission microscopy (HRTEM) studies conducted with the
CdS/HgS/CdS QDQW system have been performed to identify the details of the
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system’s crystallography [21]. The HRTEM images of CdS nanocrystals showed
triangular features, with the spacings and angles between the lattice planes
showing alignment along the (110) axis of the zinc-blende crystal structure of CdS.
The decrease in contrast when moving from the apex to the base implies a decrease
in thickness which, in turn, suggests that the nanocrystal is a tetrahedron termi-
nated in (111) surfaces. Corresponding HRTEM simulations agreed with this
interpretation of the experimental image, although only a small fraction of the
crystallites were aligned along the proper crystallographic axis to allow the shape
to be discerned. The basic morphology was preserved in the next step of the syn-
thesis, in which the surface cadmium ions of the CdS crystallites were exchanged
with mercury. The final coating of the particles was carried out by adding excess
cadmium ions to the solution and growing CdS on top of the HgS layer, via a slow
H,S injection. The close match of the CdS and HgS lattice parameters
(Args = 5.852 A, acgs = 5.818 A) and the presence of faceted crystallites with only
one exposed plane favored this growth mode.

The influence of the crystallography of the interface between the CdS and the
HgS well on the optical properties of the CdS/HgS/CdS system was the subject
of further characterization which employed optical detected magnetic resonance
spectroscopy (ODMR) [22].

In the field of QDQW structures, a variety of new material combinations have
also been used to prepare these structures. El-Sayed first reported on a ZnS/CdS
QDQW system [23] in which the structures were characterized optically and the
results compared with theoretical calculations. A QDQW system which consisted
of CdS nanocrystals with an embedded monolayer of CdSe was presented by
Battaglia et al. [24]. For this, the QDQW structures were prepared in high-boiling
organic solvents using the SILAR technique (as introduced by Peng et al., cf. Ref.
[6]), yielding almost monodisperse QDQW systems with high emission quantum
efficiencies.

In 2001, the first results were reported by the present authors of an extended
CdS/HgS QDQW with two embedded HgS wells [25], and also by the group of
El-Sayed [26]. When further characterization of these structures were conducted
using X-ray photoelectron spectroscopy [27] as a depth profiling technique, all
results obtained were in good agreement with the predicted structure.

These structures are of interest as they allow studies to be made of the distance-
dependent interaction between two QWs within one QD. In a later report, the
spectroscopic properties of these double-well QDs were also compared with theo-
retical calculations in the frame of the effective mass approximation [28]. Basically,
the synthetic procedure for the double-well QD nanocrystals is the same as for the
normal QDQW systems, with the outermost ion monolayer of the CdS nanocrys-
tals being substituted with HgS by the addition of Hg(ClO,),. The Cd**-ions
released into solution are then reprecipitated onto the particles by the addition of
H,S. Different double-well QD systems can be obtained by a sequence of growing
of CdS shells and substituting them by HgS. For ease of discussion, a nomencla-
ture for the CdS/HgS/CdS/HgS/CdS samples is introduced according to Figure
9.7 as CdS/HgS-ABCD, where each letter reflects the thickness of the correspond-
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Figure 9.7 I|dealized picture of the double-well QD structure
with introduction of the CdS/HgS-ABCD nomenclature, and
the corresponding radial potential for electron and hole [28].

ing layer in the monolayers. For example, CdS/HgS-1213 relates to a nanocrystal
consisting of a CdS core, followed by one monolayer of HgS, two monolayers of
CdS, one monolayer of HgS, and again three monolayers of CdS as the outermost
capping. CdS/HgS/CdS QDQWs are analogously named as CdS/HgS-AB. Of
course, whilst this nomenclature refers to an idealized situation, in reality the
particles will have variations in the thickness of all layers and are expected to
exhibit inhomogeneities within the different layers.

Figure 9.8 displays the calculated radial probabilities of presence for the electron
and the hole for the CdS/HgS-1x13 series of nanocrystals, named according to the
nomenclature described above, where x is varied from x = 0 to x = 7. These nanoc-
rystals all contain the same CdS core—two wells each consisting of one monolayer
of HgS, and three outer cladding layers of CdS. The only difference here is that
the distance between the two HgS wells can be varied from zero to seven monolay-
ers of CdS. As might be expected, the probability of presence has a maximum
within the HgS wells for both the electron and the hole, by this giving rise to a
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Figure 9.8 Radial probability of presence in the CdS/HgS-1x13
systems (x = 0-7) for the electron (top) and the hole
(bottom), where r is the radial distance from the particle
center [28].

spatial overlap of the two wavefunctions within the HgS wells. In both materials
the effective mass of the hole is larger than that of the electron, and therefore the
localization is much stronger for the hole than for the electron in the same
systems. Increasing the distance between the two HgS monolayers results in a
more pronounced separation of the two maxima of the probability of presence;
however, this separation becomes increasingly smeared out with a decrease in the
distance of the two HgS layers. A similar behavior can be observed for the electron,
although due to the smaller effective mass the maxima are not as well separated,
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Figure 9.9 UV/Visible absorption and emission spectra (lines
and dotted lines, respectively) of the CdS/HgS-1x13 systems,
together with the calculated first electronic transition (left)
and the comparison of two systems with the same amount of
CdS and HgS but different layer structures (right). Lines of
the same color refer to the same sample in the left figure [28].

even for the system with the largest distance between the two HgS layers (i.e.,
CdS/HgS-1713).

Figure 9.9 (left) shows the UV-Vis absorption spectra of the CdS/HgS-1x13
series of nanocrystals, with x ranging from 0 to 4. Here, the vertical bars represent
the calculated first electronic transition (E,,,) for the corresponding idealized
systems, while the point of maximum curvature is considered to represent the first
electronic transition of the sample. For the samples CdS/HgS-23, CdS/HgS-1113,
and CdS/HgS-1213, this point matches quite well with the calculated transition
energies. In the case of the samples CdS/ HgS-1313 and CdS/HgS-1413 such a
point is difficult to discern, but the absorption onset of those samples is still shifted
towards higher energies, and is in good agreement with the calculated values (cf.
the vertical bars). This may be interpreted by a decreasing interaction between the
two HgS layers, but with an increasing distance between them. The high energy
absorption (above 2.5eV) depends mainly on the total amount of absorbing mate-
rial. The absorption behavior between 1.8 and 2.2 eV is not easily explained because
this simple theoretical treatment is not suitable for explaining the oscillator
strengths in different regions of the spectra. The dotted lines in Figure 9.9 (left)
are the corresponding normalized emission spectra of the particles in these
samples. Here, each sample shows an emission close to the band gap absorption
onset; moreover, each sample shows a second emission at 1.15eV which is likely
to be “trap emission.” These traps are most probably related to stacking faults
at the interfaces of the layers, as shown previously using ODMR measurements
on the CdS/HgS/CdS systems [22]. In order to demonstrate that the absorption
onsets of those systems are not only affected by the molar ratio of CdS to HgS,
but do indeed depend on the layer structure, a comparison of two structures with
the same molar ratio but a different layer structure (namely, CdS/HgS-1112 and
CdS/HgS-1211) is shown in Figure 9.9. The structure in which the HgS wells are
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separated by two monolayers of CdS, and with a capping layer of one monolayer,
displays an absorption onset at a higher energy than that with a separation of one
layer of CdS and two capping layers of CdS. In both cases, the agreement with the
calculated transition energy is satisfactory.

The first report of a ternary core—shell/shell (CSS) structure was made by Reiss
et al. in 2003, and included the details of a synthetic procedure that yielded CdSe/
ZnSe/ZnS CSS particles [29].

In 2004, Talapin synthesized similar particles [30], whereby CdSe nanocrystals
capped with TOP (n-trioctylphospine)/TOPO (n-trioctylphosphinoxide) were
coated with a shell of either CdS or ZnSe. In both cases, the outermost shell was
composed of ZnS, the main purpose of which was to avoid charge carrier migra-
tion towards the surface of the particles (ZnS is a good candidate due to its large
bandgap of 3.7eV). The large lattice mismatch between CdSe and ZnS was prob-
lematic, but this was overcome by the use of an intermediate ZnSe or CdS shell
as a “lattice adapter.”

Early reports on simple CdSe/ZnS core—shell particles showed that the quantum
yield of the nanocrystals as a function of the ZnS layer thickness passed through
a maximum at a ZnS layer thickness of approximately two monolayers [4]. The
reason given for this behavior was the strain induced in the system by the lattice
mismatch of ZnS and CdSe.

Figure 9.10 displays the basic structure of the CSS structures (panel a), together
with the potential stepping of the valence and conduction band edges (panel b),
and the band gaps of the materials as a function of the lattice spacing (panels ¢
and d). It can be seen, that not only the band gaps but also the lattice spacing of
CdS and ZnSe (the materials used as buffer layers) were between those of CdSe
and ZnS and, therefore, both materials were well suited to act as “lattice
adapters.”

Figure 9.11 shows the development of the absorption and emission spectra
during the coating procedure, together with the development of the quantum
efficiency as a function of the shell thickness for different shell compositions.
Remarkably, the shift to lower energies of the first absorption signal was stronger
for the ZnSe coating than for the ZnS$ coating, which was interpreted as a stronger
“leakage” of the wavefunction of the exciton into the ZnSe shell compared to the
ZnS shell. According to these authors, another significant finding was that the
quantum efficiencies of the CSS structures did not fall as strongly for an increased
ZnS layer thickness as they did for “normal” CdSe/ZnS core—shell structures. This
was attributed to a higher crystallinity as a consequence of stress release of the
CSS structures compared to the CdSe/ZnS structure.

Another identified benefit of the CSS structures was their greatly enhanced
photostability. For example, when single-particle luminescence images of CdSe/
ZnS core-shell structures and CdSe/ZnSe/ZnS CSS structures were recorded,
after illumination with a laser beam under ambient conditions, almost all of the
CSS structures were still luminescent after 10 min, whereas most of the core—shell
particles had already been extinguished. This situation was assigned to a higher
stability against photo-oxidation of the CSS structures in comparison with the
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core—shell particles. Recently, Jun et al. presented a simplified one-step procedure
for the synthesis for CdSe/CdS/ZnS CSS nanocrystals [31].

In 2005, another example of CSS structures with a lattice-adapting layer was
reported by Xie et al. [32]; in this case, the new structure was a CdSe/CdS/ZnS
CSS structure (as presented above). However, the authors reported the possibility
of including an alloyed layer of Zn,sCd,sS into the structure, resulting in CdSe/
CdS/Zn,5Cd,sS/ZnS multishell particles; they also reported on very high quantum
efficiencies for the multishell particles. In addition, their results with regards
to stability versus photo-oxidation showed the same trend as those noted by
others [30].

Transmission electron microscopy (TEM) images presented elsewhere [32]
(Figure 9.12) demonstrated the growth of the particles, and showed clearly that
the particles had retained a very narrow size distribution throughout the coating
procedure.

Recently, the group of Banin reported an example of a CSS structure with InAs,
and thus a Group III-V core material [33]; these InAs cores were covered with an
intermediate layer of CdSe and an outermost layer of ZnSe. As noted elsewhere
for pure Group II-VI CSS particles, very high emission quantum efficiencies (up
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to 70%) were reported. However, due to the use of InAs as the core material, in
this case the emission wavelength was tunable throughout the NIR region of the
spectrum (800-1600nm). This report showed clearly that the properties of the CSS
nanocrystals can neither be obtained with simple InAs/CdSe, nor with InAs/ZnSe
core—shell nanocrystals. Figure 9.13 shows the evolution of the quantum yield as
a function of the coating for InAs/CdSe core-shell nanocrystals, InAs/ZnSe
nanocrystals, and the CSS system (where the first layer added is from CdSe and
the outer shells are composed of ZnSe). In the case of the InAs/CdSe system, a
clear maximum of the quantum yield was observed for one monolayer of CdSe,
whilst for the InAs/ZnSe particles the quantum efficiencies increased continu-
ously but reached only about 15%. In the CSS system, the quantum efficiencies
increased continuously to about 50%.

In summary, the CSS structures with a lattice-adapting intermediate layer have
been proven to be superior systems with regards to their luminescence quantum
yields and stability versus photo-oxidation.

Another interesting structure developed by Peng and coworkers was the CdSe/
ZnS/CdSe CSS system [34]. As in this case the intermediate layer is composed of
the high-band-gap material Zn§, these are not QDQW systems in the truest sense
but, nevertheless, were of superior fundamental interest (cf. also Figure 9.12). This
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Figure 9.12 Transmission electron microscopy (TEM) images
of the plain CdSe cores and core—shell nanocrystals obtained
under typical reaction conditions. (a) TEM images of CdSe
cores (before injection of Cd** solution); (b) (a) plus 2
monolayers of CdS; (d and €) (b) plus 3.5 monolayers of
ZnosCdosS; (d and f) (c) plus 2 monolayers of ZnS [32].

report was the first to describe two distinct emission signals from one nanocrystal,
where none of the signals was trap-related. The embedded ZnS layer seemed to
be thick enough to completely decouple the outer shell of CdSe from the inner
CdSe core of the particle. Figure 9.14 shows the evolution of the emission signal
in this type of inversed QDQW. For particles with a ZnS layer of one monolayer
thickness, an increase in the outermost CdSe QW led to a shift of the emission
signal to lower energies, but not yet to the occurrence of a second emission signal.
In contrast, at a ZnS layer thickness of three monolayers, no shift of the emission
signal could be observed; rather, a second emission signal occurred at higher
energies which was shifted to lower energies with increasing thickness of the outer
CdSe well. This observation was explained as the phenomenon of “coupled and
decoupled quantum systems in one semiconductor nanocrystal.”

The shift towards lower energies for thin ZnS buffer layers can be interpreted
as an interaction between the core and the outer shell; this is comparable to the
interaction between the two QWs described above and referred to as a “double-well
QD structure.” The two distinct emission signals observed with thick intermediate
ZnS layers are interpreted as a complete electronic decoupling of the outer CdSe
QW and the CdSe core. These structures were subjected to further spectroscopic
investigations [35] and also investigated as possible sources of white light emission
[36]. However, as the presented measurements were ensemble in nature, it could
not be excluded without doubt that in some, or all, cases the single nanocrystals

347



348 | 9 Type-I and Type-1l Core—Shell Quantum Dots: Synthesis and Characterization

1 I
180{ @ 1280
150 - 1240 =

3] L1200 &

S, 1201 i o)

= ] Q

£ 1 F1120 3
60: - 1080
304 - 1040

1090
=
L 1080 2
ol
[]
>
I =
0
L1070 3
1060

Q.Y. [%]
[wu] pBusjenep

Layer #

Figure 9.13 Quantum yields (black dots with full lines) and
emission wavelengths (white triangles with dotted lines) as a
function of the shell thickness in monolayers for InAs/CdSe
core-shell nanocrystals (top), InAs/ZnSe core-shell
nanocrystals (middle) and InAs/CdSe/ZnSe CSS nanocrystals
(bottom, the first layer is CdSe, all other layers are ZnSe) [33].
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Figure 9.14 Emission spectra of CdSe/ZnS/CdSe nanocrystals
with a ZnS barrier layer having the thickness of one (top left),
two (top right) and three (bottom left) monolayers. All spectra
are shown for the simple CdSe/ZnS core-shell structure and
for an outer shell of one, two, and three monolayers of CdSe.
The variations of the positions of the emission maxima is
summarized in the lower right figure [34].

had only an emitting core or an emitting shell, and not both. Only single-particle
spectroscopy studies performed on these structures could ultimately resolve this
question.

9.2.4
Nonspherical Nanoheterostructures

Following the development of synthetic routes towards an efficient shape control
of homogeneous quantum rods [37], the development of nonspherical nanocrys-
tals composed of more than one material was a logical step. The simplest approach
here would be to overcoat a nanorod with an inorganic shell; this would result
in a type-I band alignment and thus increased luminescence quantum yields
(whilst retaining the polarized emission of the anisotropic quantum rod). An
example would be CdSe quantum rods covered with ZnS [33], where the increase
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in fluorescence quantum yield could be explained in similar fashion to the case
of spherical core—shell structures (reducing the probability of the presence of any
charge carriers at the particle surface).

Other nonspherical heterostructures include compartment-like rods (e.g., CdTe/
CdSe and others [39]), and another class of nonspherical heterostructures which
were started from QDs and the seeds used for the growth of a quantum rod. Fol-
lowing the pioneering studies of Talapin et al. [40], who synthesized elongated
CdSe/CdS core—shell structures, this approach has recently been further redevel-
oped by Talapin [41] and Manna [38], and has resulted in highly monodisperse,
size- and aspect ratio-tunable CdSe seeded CdS nanorods (see Figure 9.15 for
emission and absorption spectra and TEM images). One interesting aspect about
this type of structure is that, especially for high-aspect-ratio rods, the absorption
spectra of these heterostructures are dominated by the absorption of the CdS
(since it is in 10- to 40-fold excess compared to CdSe), while the emission arises
only from the CdSe core (as the interband relaxation is much faster than the radia-
tive recombination). Taking into account the fact that the photoluminescence
excitation spectra also almost match the absorption spectra, it can be concluded
that energy transfer from the rod towards the core is very efficient, and that the
rod can be regarded as an antenna which absorbs light, while the emission of the
light occurs always from the seed. This also means that light emitted by these
seeded rods is much less reabsorbed than, for example, the case of pure CdSe
rods. Consequently, such rods may attract interest for those applications where
comparatively thick layers of nanocrystals are used, when the reabsorption should
be limited as much as possible. The large-scale assembly of these seeded rods was
also shown to be possible; this might be of special interest due to the capability of
these structures to emit polarized light [38]. The seeded growth approach was
recently applied to the development of other nonspherical heterostructures, such
as ZnSe seeded CdS rods [42] (hence an anisotropic type-II structure with a charge
carrier separation along the rod axes). These type-II nanorods show not only
extended luminescence lifetimes but also a clearly spatially indirect transition with
transition energies of around 2.1eV (thus much smaller than both bulk band gaps
of CdS and ZnSe, which were 2.5eV and 2.7V, respectively). A variety of seeded
tetrapods was also synthesized using the seeded growth approach [43].

9.3
Characterization of Nanoheterostructures

Although, today, nanoheterostructures are widely accessible (e.g., CdSe/ZnS core—
shell particles are available commercially from several sources), the characteriza-
tion of these structures remains a major challenge for chemists and physicists.
Whilst homogenous QDs can usually be sufficiently characterized with standard
methods such as TEM, X-ray diffraction (XRD) and UV-Vis/NIR absorption and
emission spectroscopy, further investigations are normally required for the (com-
plete) characterization of heterogeneous quantum structures. Especially in the
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TEM images or, indeed, any type of lattice
image. It uses a color scale for displaying
variations in the periodicity of the HRTEM
contrast. Areas of the same color are regions
with the same periodicity. The mean dilatation
image of the CdSe/CdS rod (i) shows an area
with lattice parameters altered by 4.2% with
respect to the reference area, situated at the
opposite tip of the rod. For comparison, the
same analysis is performed on “CdS-only”
rods, and no variation of the lattice
parameters over the whole length of the
nanorod can be observed (j) [38].

case of epitaxially grown shells, information about shell thicknesses and shell
composition that can be obtained with crystallographic methods such as XRD, and
to some extent also with HRTEM, are limited. A preliminary concept of the com-
position of a core-shell particle can be obtained by simply measuring the diameter
of the original core particles and their diameter after shell growth. However, it
must not be taken for granted that the original core particles do not grow by
themselves under the shell growth conditions (e.g., via Ostwald ripening), and
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consequently carefully performed reference experiments and additional elemental
analyses will be required to interpret the results. Even if diameter measurements,
when combined with elemental analysis, might allow determination of the shell
thickness, neither approach can solve the question of the degree of alloying in a
core-shell structure. Bearing in mind that typical core-shell structures have shell
thicknesses of around 0.5-2nm, the question of how much such a shell is alloyed
(or not) seems almost impossible to answer. Further information might be
obtained, however, by applying X-ray photoelectron spectroscopy. As the escape
depth of the photoelectrons generated is typically in the range of just a few nanom-
eters, thus is an extremely surface-sensitive technique. When using an energy-
tunable X-ray source (e.g., a synchrotron), this escape depth can even be tuned to
some degree and hence a depth profiling of a given core-shell structure is possible.
Borchert et al. successfully applied the method not only to the characterization of
simple CdSe/ZnS core-shell structures [44], but also to more sophisticated CdS/
HgS QDQW structures, as described above (cf. Ref. [27]).

9.4
Core-Shell Infrared Nanoparticulate Materials

The International Commission on Illumination (CIE) has recommended the divi-
sion of longer-wavelength radiation into the following three bands: IR-A (700-
1400nm); IR-B (1400-3000nm); and IR-C (3000nm to 1mm).

The following is a commonly used working scheme:

e Near-infrared (NIR, IR-A DIN): 0.75-1.4 um in wavelength, defined by the water
absorption, and commonly used in fiber optic telecommunications because of
low attenuation losses in the SiO, glass (silica) medium. Applications utilizing
this spectral region include image intensifiers, such as night-vision goggles.

¢ Short-wavelength infrared (SWIR, IR-B DIN): 1.4-3um, water absorption
increases significantly at 1450nm. The 1530 to 1560 nm range is the dominant
spectral region employed for long-distance telecommunications.

¢ Mid-wavelength infrared (MWIR, IR-C DIN) also called intermediate infrared
(IIR): 3-8 um. In guided missile technology the 3-5 um portion of this band is
the atmospheric window in which the homing heads of passive IR “heat-seek-
ing” missiles are designed to work, homing on to the IR signature of the target
aircraft, typically the jet engine exhaust plume.

¢ Long-wavelength infrared (LWIR, IR-C DIN): 8-15um. This is the “thermal
imaging” region, in which sensors can obtain a completely passive picture of
the outside world based on thermal emissions only and requiring no external
light or thermal source such as the sun, moon or infrared illuminator. Forward-
looking infrared (FLIR) systems use this area of the spectrum. It is sometimes
also referred to as the “far-infrared”.

e Far-infrared (FIR): 15-1000 um.
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Interest in NIR-active materials is primarily due to the fact that water is trans-
parent across a number of wavelength ranges in this spectral region and, as a
result, atmospheric transmission technologies and a number of biological applica-
tions can greatly benefit if these wavelengths are employed. The fact that there are
no efficient and stable dyestuffs that can be used to address this spectral region
had given extra impetus to the development of inorganic possibilities, and semi-
conductor nanocrystals have been demonstrated to adequately fulfill this role.
Semiconductor nanocrystalline core materials exist that may be used directly to
access this region, such as the Group IV-VI materials lead sulfide, lead selenide
and lead telluride, as well as the Group III-V material InAs [45]. However, as the
surface of nanoparticles is very sensitive to their immediate environment-a fact
that usually results in a deterioration of the optical properties and, in particular,
of the emission efficiency—it is as a rule beneficial to add a surface coating.

In order to achieve optical responses in the NIR, or to extend the spectral range
of the nanocrystals further into the red, those materials of which the bulk bandgap
is already reasonably narrow have been the main focus of investigation. A number
of such systems have been reported, and have in general concentrated on the fol-
lowing as core materials: CdSe [46, 47], CdTe [48-54] or HgTe [55, 56] and the
mixed ternary compounds Cd,Hg, ,Te [54] as Group II-VI materials, InP [57-59],
InAs [33, 60-63] and GaAs [64—67] as Group III-V materials, and PbS [68], PbSe
[69-76] and PbTe [77, 78] as Group IV-VI materials. Some mention of CSS
systems [33, 46, 49, 60, 63] and different geometries such as tetrapods [47] and
wires [64—67] have also been reported. It is worth noting at this point that there
are a number of other core—shell material sets involving phosphors [79], transition
metal oxides [80], noble metals [81] and their chalcogenides [82, 83], as well as
various approaches to system design [84] and mixed nanoparticle-dyestuff compo-
sitions [85]. For example, although a CdSe/CdS core—shell system is not inherently
an IR emitter, NIR emission can be achieved by coupling these nanocrystals to IR
fluorescent dyestuffs. However, at this point attention will be focused on core—
shell systems where the core is a QD composed of one of the Group I1-VI, III-V,
and IV-VI materials.

9.5
Type | Core-Shell Infrared Structures

Amongst the materials with which CdTe cores have been coated to produce type-I
structures are ZnS [54] and InP/ZnS [49]. In addition, CdHgTe/ZnS core—shell
nanocrystals which are highly luminescent, stable for months in butanol, have a
higher resistance to photobleaching compared to cores, and which were synthe-
sized using a hybrid approach (i.e., an aqueous-based synthesis, followed by trans-
fer to organic solvents) have been reported by Tsay et al. These authors reported
a high quantum yield (20-50%) in the NIR wavelength region (>700nm), a region
which is attractive for various biological applications because of the reduced
autofluorescence background, improved penetration into scattering tissues, and
enhanced photostability. In order to demonstrate their biological utility, the
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CdHgTe/ZnS core-shells were coated with phospholipid micelles. This coating is
known to suppress the toxicity of the nanocrystals (NCs) and also to render them
water-soluble, so as to allow bioactivity and keep the quantum yields high [86].
Studies on IR-active core—shell HgTe/Hg,Cd, ,Te(S) particles, the objectives of
which were to elucidate the nature of the recombination emission being associated
with a Cd-Hg mixed site and structural information on the NC core-shell inter-
face, have also been reported [55].

Indium phosphide nanoparticles have also been a popular and productive choice
of material for study, as this Group II1I-V material has a bulk bandgap of 1.35eV
(~920nm) [57] and a reduced toxicity in comparison to the Groups II-VI and IV-VI
materials. However, to date InP (in fact, all of the Group III-V materials) have
remained synthetically very challenging since, even when proving possible to
synthesize, they usually possessed a low quantum yield that could be increased by
coating the material with a wider band gap material. The coating materials of
choice have been the Group II-VI semiconductors ZnS and ZnSe, and also with
CdSe to result in a type-II structure [57-59], due to their favorable band offsets
and lattice mismatches (see Figure 9.16). In studies conducted by Shu and col-
leagues, a simple method was reported for the synthesis of highly luminescent
InP NCs with quantum yields of up to 30%, and InP/ZnS NCs with quantum
yields of up to 60%. This method allowed the preparation of both InP and InP/
ZnS NCs within 20min, and no size-selection process was required. The NCs were
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Figure 9.16 Summary of the band offsets (in eV) and lattice
mismatch (in %) between the core InAs and a number of
[11-V semiconductor shells (left side), and I1-VI
semiconductor shells (right side). CB = conduction band;
VB = valence band. Reproduced from Ref. [59].
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obtained by a reacting InCl; complex and tris(trimethylsilyl)phosphine in octa-
decene in the presence of zinc undecylenate. The photoluminesence spectra of
differently sized InP/ZnS core-shell nanocrystals were presented that displayed
peak maxima from 480 to 735nm. In the studies of Langhof and coworkers, a
similar synthetic strategy was employed, using both InCl; and tris(trimethylsilyl)
phosphine, but the solvent mixture was a more coordinating solvent mixture that
consisted of TOP/TOPO. The ZnS shell was achieved by transferring the NCs to
pyridine and overcoating with the ZnS in this solution at 100°C. The ZnS shell
was synthesized by the reaction of diethylzinc and hexylmethyldisilathiane in
tributylphosphine.

In this study, linearly polarized photoluminesence measurements showed that
the InP/ZnS NCs studied had an elongated shape and an ellipsoidal eccentricity of
about 0.6. Optical pumping photoluminesence decay curves revealed the spin
relaxation time to be substantially shorter than the radiative lifetime of an exciton
in InP/ZnS NCs, while the magnetic field-induced circularly polarized photolu-
minesence measurements supplied information about the g-factor of the exciton,
electron, and hole. In studies performed by Banin et al., core—shell semiconductor
nanocrystals with InAs cores were synthesized, and onto these Group III-V semi-
conductor shells (InP and GaAs), and Group II-VI semiconductor shells (CdSe,
ZnSe, and ZnS) had been overgrown on cores of various radii, employing a two-step
procedure. During initial attempts to carry out growth of the Group ITI-V semicon-
ductor shell materials (InP, GaAs) it was found that these shells could be grown
only at higher temperatures (>240°C). In contrast to the Group III-V semiconduc-
tor shells, however, growth of the Group II-VI semiconductor shells (CdSe, ZnSe,
ZnS) was observed at the comparatively lower temperature of approximately 150 °C.

Yet, it was found that when growing Group II-VI semiconductor shells, a higher
temperature was needed to increase the fluorescence quantum yield. For shell
growth at 260°C, the maximum fluorescence quantum yield of the products was
about fourfold larger than that obtained at 160 °C. In addition, the comparison was
noted between core—shell nanocrystals with InAs and CdSe cores. InAs/CdSe and
CdSe/CdS, the core—shells were analogous in their electronic structure and hence,
in both of these cases, because of the relatively low conduction band offsets, the
electron wave function extended into the shell and to the nanocrystal surface; this
in turn caused the spectrum to red-shift upon shell growth. Additionally, InAs/
ZnSe and InAs/ZnS core-shell materials were analogous to CdSe/ZnS. In this
study, the band gap was barely changed upon shell growth, on account of the large
band offsets between the core and the shell semiconductors. An overview of the
absorbance and emission trends for the coating materials is shown in Figure 9.17.

9.6
Type Il Core-Shell Infrared Structures

Included amongst the shells employed in the case of CdSe are CdTe [47] and
CdTe/ZnTe [46]. In most cases, coating with CdTe is reported to yield a type-II
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Figure 9.17 Evolution of absorption (dotted
lines), and photoluminescence (solid lines)
for growth of core—shells. The PL spectra are
given on a relative scale for comparison of the
enhancement of QY with shell growth. (a)
InAs/CdSe with an initial core radius of
1.2nm. The shell thickness (in number of
monolayers, ML) and QY for the traces from
bottom to top were respectively: 0, 1.2%,; 0.6,
13%; 1.2, 21%; 1.8, 18%; (b) InAs/CdSe with
initial core radius of 2.5 nm. The shell
thickness (in number of ML) and QY for the
traces from bottom to top were respectively:
0, 0.9%; 0.7, 11%; 1.2, 17%; 1.6, 14%; (c)
InAs/ZnSe with an initial core radius of
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and QY for the traces from bottom to top
were respectively: 0, 1.2%; 0.6, 9%; 1.5, 18%;
2.5, 14%; (d) InAs/ZnSe with an initial core
radius of 2.8 nm. The shell thickness (in
number of ML) and QY for th