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Introduction

Nanotechnology is a new field of interdisciplinary research on the fabrication of materials with
nanoscale dimensions between 1-100 nanometre (nm) [1]. As the sizes of organic and inorganic
materials are decreased toward the nanometre scale, their optical, electronic, magnetic and structural
properties largely vary from that in the bulk and become size and shape dependent. Such size and
shape dependent properties of nanomaterials make them attractive to a diverse range of applications
ranging from energy conversion towards biomedical imaging and nanomedicine.

Semiconductor quantum dots (QDs) are tiny light-emitting particles on the nanometre scale, which are
emerging as a new class of fluorescence probe for in vivo bimolecular and cellular imaging. These
nanometre-sized crystalline particles are nanocrystals of inorganic semiconductors with a generally
spherical shape. The core of the semiconductor material is synthesised with sizes in the range of 2-10
nm and contains hundreds of thousands of atoms of group Il and VI elements (e.g. CdSe, CdTe) or
group Il and V elements (e.g. InP). The core is typically enclosed within a shell of another
semiconductor that has a larger bandgap (Fig. 2.1).
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FIGURE 2.1
Schematic illustration showing the core/shell structure of quantum dots

QD nanoparticles are highly efficient fluorophores with a size-dependent emission wavelength, which
due to quantum confinement increases with increasing size of the QD. Their extreme brightness and
resistance to photobleaching enables the use of very low light intensities over extended time periods,
making them especially useful for live-cell imaging [2]. Due to the unique photophysical properties of
QDs, progress in synthesis and biofunctionalisation of QDs has generated an increasingly widespread
interest in the fields of biology and medicine. Recently a wide range of methods for bio-conjugating
colloidal QDs in a diverse area of applications have been developed such as cell labelling , cell tracking,
in vivo imaging , DNA detection , and multiplexed beads [3-10]. This chapter is intended to provide an
overview of the in vivo applications of QDs as well as the future direction for the development of
optimised QD nanoparticles for their clinical translation.

Quantum Confinement and Size-tunable Properties of QDs

One of the most intriguing features of QDs is that by altering the QD size and its chemical composition,
fluorescence emission can be tuned from the near ultraviolet, throughout the visible and into the near-
infrared (NIR) spectrum, spanning a broad wavelength range of 400-2000 nm [11-13]. To understand
these properties, the photophysics of bulk phase semiconductors will be discussed in following
sections.
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Bulk Semiconductor Physics

Based on electron conductivity, solid state physics typically divides materials into three well known
categories: conductors (metals), semiconductors and insulators. The difference in the energy level
between the valence and conduction band determines the conductivity of the solid materials. The
valence band is the highest electronic energy level that is occupied with electrons at room temperature
(Fig. 2.2). Likewise, the conduction band is the lowest energy electronic state that is not occupied by
electrons. An electron in the valence band may gain energy (thermally or by the absorption of a
photon) to enter the conduction band, thus vacating a positively charged hole in the valence band. The
difference in energy between the valence and conduction bands, called the bandgap energy (e.g.
typically expressed in electron volts [eV]), determines the energy that must be gained for an electron to
enter the conduction band [14]
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FIGURE 2.2
A schematic representation of the valence and conduction band of QD nanoparticles

The raised electron and the hole taken as a pair is called an “exciton”. Once in the excited state
(electron in conduction band), a conduction-band electron may relax back to its ground state in the
valence band through radiative recombination with a hole, resulting in the emission of a photon with
the same energy as the bandgap. Light emission is only one of the many possible decay processes, but
it is of both fundamental and practical importance.

QDs as semiconductor materials exhibit size-dependent energy state due to the confinement of the
charge carriers (electrons-holes) in three dimensions. As the size of the QD decreases, the band gap
increases, resulting in shorter wavelength of light emission (Fig. 2.3). Because the bandgap determines
the fluorescence emission wavelength of semiconductor materials, considerable effort has been
devoted to engineer fluorescence emitters with precisely tuned bandgaps. An intriguing property of
semiconductors is that the bandgap is not only dependent on size but also on the particle composition
[15]. Therefore, the composition of the material may also be used as a parameter to alter the bandgap
of a semiconductor.
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Size tunable optical properties of QDs illustrating the increase in emission wavelength with increasing quantum dot
size

Synthesis and Bioconjugation of QDs

In the design of QDs, the selection of a core QD composition is determined by the desired wavelength
of emission. Among various methods described in the literature, the highest quality QDs are typically
prepared at elevated temperatures (~300°C) in organic solvents such as tri-n-octylphosphine oxide
(TOPO) and hexadecylamine, both of which are high boiling point solvents containing long alkyl chains.
These hydrophobic organic molecules perform as the reaction medium (solvent), and the basic
functional groups (phosphine, phosphine oxides and amine) coordinate with unsaturated metal atoms
on the QD surface to prevent the formation of bulk semiconductors. As a result, the nanoparticles are
capped with a monolayer of the organic ligands and are soluble only in nonpolar hydrophobic solvents
such as chloroform and hexane. A shell of another semiconductor such as ZnS or CdS with a wider
bandgap is grown on the core surface to provide electronicinsulation. The growth of a semiconductor
shell on the surface of the core has been shown to significantly increase the fluorescence efficiency and
quantum yield of QDs. It has also been shown that a ZnS shell is less susceptible to surface oxidation
and therefore enhances the chemical stability of the QDs and decreases the oxidative photobleaching
of QDs to a great extent [16;17].

For use in biological systems, QDs must be rendered hydrophilic so that they are soluble for aqueous
formulations. Two general strategies have been developed to disperse QDs in agueous solutions. In the
first approach, the hydrophobic monolayers of the ligands on the QD surface are exchanged with
hydrophilic ligands, such as mercaptoacetic acid [18;19]. However, this method has some drawbacks
such as particle aggregation and precipitation in biological buffers and change in photophysical
properties of QDs [18;20]. Alternatively, the native hydrophobic ligands (TOPO) can be retained on the
QD surface, and rendered water soluble through the adsorption of amphiphilic polymers [4;21]. In this
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method the coordinating organic ligands (TOPO) are preserved on the inner surface of the QD, a
feature which is imperative for maintaining the optical properties of QDs and shielding the toxic
elements of the core from the outside environment by a hydrocarbon bilayer. Although this method
preserves the optical properties of QDs, the overall size of the particles after coating is rather large
which could place a restriction on biological applications. Furthermore, the surface of water-soluble
QDs can be functionalised with biomolecules such as antibodies, oligonucleotides or small molecule
ligands for specific targeting. The surface of QDs may also be modified with hydrophilic molecules such
as polyethylene glycol (PEG) to eliminate possible non-specific binding or to increase their circulation
times in the bloodstream following intravenous injection.

Photophysical Properties of QDs and Comparison with Organic Dyes

Fluorescence techniques are very well suited to study many fundamental cellular processes where
specific fluorescence probes are widely used in cell biology [22;23]. However, traditionally used
fluorophores, in particular organic fluorophores, have their limitations. These molecules generally have
narrow absorptions with asymmetric, broad emission spectra and low photobleaching thresholds [24].
Due to these intrinsic photophysical properties, traditional fluorescence probes have limited
applications with regards to long-term imaging and multiplexing. QDs have several dramatically
different properties compared to organic fluorophores, as was reviewed by Resch-Genger et al. [25].
Table 2.1 compares photophysical properties of QD nanoparticles versus organic dyes.

QDs have continuous broad absorption spectra that gradually increase in intensity towards shorter
wavelengths, enabling excitation by a wide range of wavelengths (below the first exciton absorption
band). Their emission spectra are symmetric and narrow, spanning the UV to near-infrared.
Consequently, QDs of different sizes can be excited by a single wavelength, with minimal signal overlap.
These differences provide QDs with several distinct advantages over organic fluorophores. Firstly, a
narrow emission spectrum provides the possibility of distinguishing multiple fluorophores
simultaneously. Secondly, the broad excitation spectrum of QDs facilitates the use of a single excitation
wavelength (light source) to excite QDs of different colours. These unique features of QDs allow the
simultaneous detection of different colour QDs, enabling several cells to be tracked in vivo [26;27], and
the simultaneous bio-sensing of multiple molecules in vitro [28]. Furthermore, owing to the efficient
multicolour excitation cross-section of QDs and the ability to synthesis QDs that can emit infrared or
near-infrared light, QDs are highly suited for imaging cells deep within tissues [27;29]. The molar
absorption coefficients at the first absorption band of QDs are generally larger compared to organic
dyes [30]. The large molar extinction coefficient of QDs makes them brighter probes under photon-
limited in vivo conditions where light intensities are severely attenuated by scattering and absorption.
Following light exposure, organic fluorophores can also undergo light-induced reactions leading to
irreversible change in their photophysical properties; a phenomenon known as “photobleaching”. This
limits their application for long-term imaging. On the other hand, QDs are very stable light emitters
owing to their inorganic nature, making them exceptionally resistance towards photo-and chemical
degradation [4;26;31;32]. This excellent photostability makes QDs very effective probes not only for
imaging QD-tagged proteins over long periods [33;34] but also for imaging the growth and
development of organisms for periods ranging from weeks to months [26;29]. In addition, the two-
photon cross-section of QDs is significantly higher than that of organic fluorophores making them quite
well-suited for examination of thick specimens and in vivo imaging owing to deeper penetration of
near-infrared excitation light [35;36]. Another important characteristic of QDs is their fluorescence
lifetime of 10-100 nanoseconds (ns), which is significantly longer than typical organic dyes or auto-
fluorescent proteins that decay in the order of a few nanoseconds [37;38]. The longer excited lifetime
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of QDs provides a means to separate the QD fluorescence from short-lived background fluorescence
using time-gating techniques. It also worth noting that bioconjugated QD probes are similar in size to
fluorescence protein and do not suffer from major kinetic or steric hindrance problems [8;34].

TABLE 2.1
Photophysical properties of fluorescent organic dyes versus quantum dots

Property

Organic dyes

QDs

Absorption spectra

Narrow, discrete bands

Broad, steadily increasing
toward UV wavelength

Molar absorption
coefficient

2.5x10%- 2.5 x10°Mcm™

10°- 10°M'em™

Emission spectra

Asymmetric, with red tail

Symmetric

Quantum yield

0.5-1.0 (visible),0.05-0.25(NIR)

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

Fluorescence lifetime

1-10 ns, mono-exponential
decay

10-100 ns, typically multi-
exponential decay

Two-photon cross section

1x10>° — 5x10*°cm* s photon™

2x10* -10% em*s
photon’1

Size

~0.5 nm, molecule

2-10 nm, colloid

Photochemical stability

Low photobleaching threshold

High photobleaching
threshold

Toxicity

From very low to high,
dependent on dye

Limited known yet
(potential nanotoxicity)

Ideal for multi-colour
experiments

Spectral multiplexing Not ideal due to the spectral

overlap

IN VIVO STUDIES of QDs

QD nanoparticles are emerging as a new contrast agent in the biological system and have been
receiving increasing attention for potential use in biology and medicine [10;39]. In vivo fluorescence
imaging visualises the fluorescence emission from fluorophores in whole-body of living small animals.
Although traditionally used near-infrared dyes such as Indocyanine green continue to be used, the
development of fluorescent QD nanoparticles for in vivo fluorescence imaging offers several
advantages [40]. The unique optical properties of QDs for in vivo imaging include: high absorption
coefficient, high fluorescence quantum yield, and high resistance to photobleaching. More importantly,
broad absorption and narrow emission spectra of QDs make them suitable for simultaneous multiplex
imaging. Optical imaging presents itself as a powerful technique in image-guided therapy. However,
optical imaging in live animals remains hampered by the limited penetration depth of visible light in the
body. This limitation stems from the high absorption and autofluorescence that occur in biological
tissue across most of the electromagnetic spectrum. In the near-infrared region (700-900 nm) the
influence of the main tissue absorbing components, oxy and deoxyhaemglobin (£ax < 600 nm) as well
as water (Kmax: > 1150 nm) is minimal. As a result, contrast agents that emit in the near-infrared region
(700-900 nm) of the spectrum can overcome this problem of penetrating deeper into the tissue and
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out than UV, visible, orinfrared light do [41;42]. Therefore optical imaging agents should ideally emit in
the near-infrared region (700-900 nm) so that they can be used clinically. Few organic dyes are
currently available that emit in the near-infrared region and they suffer from the same photobleaching
problems as their visible counterparts. One of the greatest advantages of QDs for imaging in living
tissue is their size/composition-dependent emission wavelength and their high two-photon absorption
cross section and high photobleaching threshold. Consequently, development of far red/near-infrared
QDs can overcome the limitation of organic fluorescence dyes. Several groups have thus synthesised
biocompatible near-infrared emitting QDs as a fluorescence probe for in vitro and in vivo labelling [43].
In general, methods for designing fluorescence imaging probes can be divided into non-targeting and
targeting. Due to their high surface area to volume ratio, QDs can be actively targeted to the desired
tissues with antibodies, peptides or passively via the enhanced permeability and retention (EPR) effect.
More importantly, QD nanoparticles offer multifunctionality, such as combining both imaging and drug
delivery or dual modality imaging combining near-infrared and magnetic resonance imaging. The in vivo
applications of QDs are summarised below with future opportunities and directions for their clinical
translation.

Non-targeted In Vivo Imaging
Sentinel Lymph Node (SLN) Mapping

Cancer spreads in a variety of ways, by direct extension, via the vascular system and via the
lymphatics/lymph nodes. The sentinel lymph node (SLN) is the first lymph node that drains from the
primary tumour. There is generally orderly progression of cancer from the primary tumour to the SLN
and then to the echelon lymph nodes. SLN localisation is one of the common methods used to identify
the presence of cancer in a single lymph node and is particularly important for the treatment of
melanoma, breast, cervical and head and neck cancers [44-46]. The techniques currently used for SLN
mapping employ a radioactive tracer, or a blue dye for visualisation of lymphatic vessels. But these
techniques are non-specific during surgery, which leads to unnecessary removal of lymph nodes,
causing unwanted trauma such as lymphoedema and nerve damage. In addition some adverse
reactions has been reported in patient following administration of the blue dye [47]. The potential
radiation hazards and the overall procedure duration are other limiting factors for these techniques.
The ideal method for SLN mapping should be accurate, rapid, and noninvasive. QD nanoparticles could
be ideal probes for SLN mapping because they are highly fluorescent, non-radioactive and easily visible
deep within tissues since QDs with strong red or near-infrared emission can be used where
haemoglobin absorption is minimal. Intraoperative imaging permits removal of the SLNs during
surgery. Using this technique it appears that near-infrared QD nanoparticles have the potential to
revolutionise human cancer surgery by providing sensitive, specific, and real time intraoperative
visualisation of normal and disease processes. Fig. 2.4 displays a schematic depiction of an
intraoperative imaging set-up for real time fluorescence imaging of the surgical field. This enables
surgeon with instantaneous imaging of lymphatic flow and provides real time visual feedback for
image-guided localisation and dissection [48].
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FIGURE 2.4

Multispectral intraoperative camera system. A laser or light-emitting diode is used to excite the fluorescence. The
red QD fluorescence is imaged in one CCD camera channel, and tissue autofluorescence which occurs at shorter
wavelengths with another camera. A colour image of the target field is also obtained using white lightillumination
and a third camera

For the lymphatic system the overall size of the nanoparticle is an important parameter in determining
the biodistribution and clearance of QDs. Frangioni and colleagues used near-infrared emitting
CdTe/CdSe core/shell QDs with a hydrodynamic size of 15-20 nm and demonstrated SLN mapping of
QDs when injected intradermally into the paw of a mouse [29]. They also injected near-infrared QDs
intradermally on the thighs of pigs and followed lymphatic flow towards the SLN in real time. Using
excitation fluence rates of only 5 mW/cmZ, within 5 minutes localisation of QDs in the SLNs was
identified [29]. In subsequent studies, this group has demonstrated QD fluorescence imaging of lymph
nodes draining the lungs [49;50], oesophagus [51] and gastrointestinal tract [52]. In another study,
Zimmer et al. utilised very small PEG encapsulated near-infrared emitting QDs, with a hydrodynamic
diameter of 10 nm [53]. When these QDs were injected into the paw of a mouse a sequence of draining
lymph nodes was labelled instead of remaining trapped in SLNs. The authors concluded that migration
through the first draining lymph node was due to the small size of their QDs. The multiplexing
capabilities of QDs have also been exploited for mapping complex network of lymphatic vessels.
Kobayashi et al. demonstrated utility of simultaneous multicolour fluorescence imaging of five different
lymphatic basins using five types of near-infrared QDs with different emission spectra [54]. This isonly
possible with QDs due to their narrow and symmetric emission wavelength and broad absorption
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spectra. Ballou et al. were amongst the first to inject the QDs into the tumours to map SLNs. In their
study PEG encapsulated QDs with various charged groups were injected into the tumours of mice [55].
They demonstrated that tumour injection of QDs resulted in rapid migration of QDs from the tumour
through lymphatics to surrounding lymph nodes which was visible through the skin. In their study,
terminal charged groups had almost no effect on the extent of the drainage and pattern of the
migration of QDs from the tumour to the adjacent lymph nodes. In study by Marchal et al. the
detection of the SLN and the toxicity of the cadmium containing QDs (CdTeSe/CdZnS) were compared
with cadmium free counterparts (CulnS,/ZnS) [56]. In their work both types of QDs were injected
subcutaneously in to the paw of healthy mice and were localised in the axillary lymph node in few
minutes after the injection. Cadmium-based QDs clearly showed signs of toxicity such as increased
lymph node weight with several inflammation sites. However, Cadmium-free QDs did not show any
features of toxicity under the same conditions. In another study silicon QDs (Si QDs) with hydrodynamic
of 20 nm were injected subcutaneously to the mice [57]. Following the injection QDs were observedin
the axillary lymph nodes and no adverse effect was observed in mice from the injection of the Si QDs
indicating their biocompatibility as a fluorescence probe for imaging.

In conclusion, the non-invasive fluorescence detection of SLN using QDs offers an opportunity to track
lymphatic flow in real time and guide their nodal dissection after intraoperative injection. Using QDs it
only takes a few minutes to detect the SLN. The QDs then slowly leaks from the injection point and the
SLN into the rest of the body via lymphatic and blood circulation. This gives the surgeon a few hours to
resect both the SLN and the injection point. Therefore at the same time the large majority of QDs are
removed from the body which limits concerns regarding toxicity of QDs. Ideally the QDs should be
targeted to the malignant tissue to maximise specificity, and there are several ways of achieving this as
follows.

Passive Tumour Targeting

Under in vivo conditions QDs can be delivered to tumours by both passive and active targeting via the
vasculature. In passive extravasation there is no need for special surface chemistry since nanometre-
sized particles accumulate preferentially at tumour sites through the enhanced permeability and
retention (EPR) effect [58]. This effect is believed to arise from two factors: (i) angiogenic tumours over
express vascular endothelial growth factors that increase vascular permeability in tumours and cause
leakage of circulating macromolecules and small particles; and (ii) lack of effective lymphatic drainage
system, which leads to accumulation of macromolecules and nanoparticles [59;60]. Several studies
have shown that QD nanoparticles can accumulate in the tumour due to the EPR effect [35;61]. For
example, in a study by Gao et al. in vivo passive tumour targeting of QDs was reported and it was
demonstrated that targeting was dependent on the stability of the QD in biological systems and its
circulation time [35]. In their study PEG encapsulated QDs were taken up readily via passive delivery by
tumours compared to carboxyl functionalised QDs. The observed findings were related to the increased
circulation time and reduced non-specific adsorption of serum proteins due to the PEG encapsulation.
The negatively charged nature of carboxylic acid terminated QDs enhanced their reticuloendothelial
uptake and therefore hampered their tumour uptake. In a recent study by Shuhendler and colleagues
[62], near-infrared emitting QDs encapsulated in solid fatty ester (QD-FEN) was used for in vivo imaging
in a breast tumour-bearing animal model. In vivo animal imaging revealed that fatty ester encapsulated
QDs surprisingly did not accumulate in the liver. They found that these QDs mainly accumulated in the
spleen and their accumulation was observed to decrease to nearly preinjection levels by 96 h after
injection. They stated that the encapsulation of QDs in fatty ester nanoparticles enhanced the
biocompatibility of QDs by providing complete clearance of the QDs from the body. Furthermore, the
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results showed that by 1 h after QD-FEN injection fluorescence signal of QDs in the tumour sites was
detected, indicating the passive uptake of QD-FEN within the tumour tissue. The size and shape of the
nanoparticles play an important role in this process and it has been shown that smaller particles
penetrate deeper into the tumour interstitial medium [63]. Thus to obtain efficient tumour targeting
without selective targeting several parameters should be considered in designing the QD nanoparticles.
The design considerations should also focus on the development of highly stable and biocompatible
QDs with long circulation times.

Targeted In Vivo Imaging

Active targeting can be efficient and is not necessarily affected by the degree of tumour vascular
leakiness which differs according to the tumour locations. In active targeting, the QD surface is
decorated with a ligand that selectively binds to surface receptor sites in the extracellular environment
that play key roles in tumour proliferation, angiogenesis and metastasis. Many of these recognition
sites exist in normal tissue but are significantly upregulated in numerous tumour cells of certain cancer
types and offer a means of preferentially targeting the circulating QDs to tumours. The choice of ligand
for active targeting plays a crucial role in the performance of the QD nanoparticles. The degree of
selectivity, the strength of the interaction, the overall probe size, QD charge density and targeting
ligand accessibility are all important factors that should be considered. For instance in a study by
Bawendi et al. it has been shown that a maximum hydrodynamic diameter of about 5.5 nmis required
for renal excretion of QDs within 4 h [64]. They also reported that QDs with high charge-to-
hydrodynamic diameter ratios can cause adsorption of serum proteins and increase the hydrodynamic
diameter [64]. Bawendi et al. have suggested that a zwitterionic coating can reduce nonspecific
adsorption on the QD surface because of the low net charge density [65]. It should also be noted that
the penetration of QDs from vasculature into tumour can be affected by the overall size of the QDs.
Large targeting ligands such as antibodies (Abs) may lead to probe accumulation in tumour vasculature
with little or no tissue penetration, despite the high selectivity and affinity of the antibodies as
targeting agents. Therefore, careful consideration must be given to the design of specific targeting
ligands. The following section describes examples of active targeting of tumour in vivo using peptides
and proteins.

Active Tumour Targeting using Antibodies

Active targeting can be obtained by binding to receptor sites recognised by antibodies and other
proteins such as epidermal growth factor (EGF). The main disadvantages of employing proteins as
targeting agents arise from the size of the proteins as ligands and the resulting size of the QD
conjugates. Some examples of protein-mediated active targeting of QDs are given below.

In a study by Gao et al. PEG encapsulated QDs were bioconjugated with a specific antibody (antibody
against the prostate-specific membrane antigen: PSMA) and were injected into the tail vein of mice
bearing subcutaneous human prostate cancer [35]. They demonstrated that tumour targeting was
much faster and more efficient for the targeted QDs compare to un-targeted QDs, which accumulated
in tumour sites passively via the EPR effect. In a similar approach by Yu et al. QD nanoparticles were
conjugated with a specific antibody against an important marker for hepatocellular carcinoma [66].
Upon intravenous injection of QDs into the mice bearing hepatocellular carcinoma, active tumour
targeting of bioconjugated QDs was observed in tumour sites where their uptake was considerably
higher than that of un-targeted QDs due to passive targeting.
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Tada et al. used QDs to study the biological process involved in active targeting of nanoparticles to the
tumour [67]. In their study, QD nanoparticles were labelled with antibody against human epidermal
growth factor receptor 2 (HER2) and administered intravenously into mice with HER2-overexpressing
breast cancer implanted tumours. Upon systemic delivery of QDs their migration from injection sites to
the tumour sites was monitored, using intravital fluorescence microscopy. The QDs circulated in the
bloodstream, extravasated into the tumour, diffused in extracellular matrix, bound to their receptors
on tumour cells, moved from the cell membrane to the perinuclear region, and then localised in the
perinuclear region of the cells. Therefore, the combination of sensitive QD probes with methods such
as real time microscopy for in vivo animal imaging could provide new insights into the understanding of
tumour biology and processes involved in the transport of drug carriers.

Active targeting of QDs to tumours has also been reported by the use of epidermal growth factor
receptor (EGFR). EGFRis a transmembrane protein that plays an important role in tumour progression
and proliferation. EGFR becomes highly upregulated in many cancer types which provides an
opportunity for designing a receptor targeted approach for the detection and treatment of cancer
[68;69]. In a study by Yang et al. single-chain epidermal growth factor receptor antibody (ScFVEGFRA)
was conjugated with QDs and paramagneticiron oxide (FeO) nanoparticles to image human pancreatic
cancer in mice [70]. Targeted and untargeted QDs were injected intravenously into mice and their
biodistribution was studied using fluorescence microscopy. Strong QD fluorescence signal was detected
in the cytoplasm of tumour cells from the mice that received ScFvEGFRA-QD but not untargeted QDs.
Strong fluorescence signals were obtained from normal tissues of the mice that were injected with un-
targeted QDs, whereas the QD fluorescence from normal tissues of the mice that received targeted
QDs was negligible. These findings indicated the potential of ScCFVEGFRA conjugated nanoparticles for
the detection of EGFR-expressing tumours using in vivo imaging approach.

Overall, these results imply that targeted nanoparticles have the potential to be used as effective
agents for in vivo tumour imaging. Efficient intracellular delivery of targeted nanoparticles can also be
used for specific delivery of therapeutic agents.

Active Tumour Targeting using Peptides

The small size of peptides relative to antibodies makes them attractive as targeting ligands. One of the
earliest examples of active targeting of QDs using peptide conjugates was reported by Akerman et al.
[71]. They demonstrated, for the first time, selective targeting of peptide coated QDs to the vasculature
of normal lung and tumours in vivo. In their work three different thiolated peptides were conjugated
with mercaptopropionic acid (MPA) coated QDs and injected intravenously into mice to target the lung
blood vessels, tumour blood vessels and tumour lymphatic vessels. Using fluorescence microscopy,
they showed that QDs coated with a lung-targeting peptide accumulated in the lungs of mice after
intravenous injection, whereas two other peptides specifically directed QDs to blood vessels or
lymphatic vessels in tumours.

Arginine-glycine-aspartate acid (RGD) peptide is one of the most widely used sequences for targeting
tumours due to its high affinity for integrin [72]. The protein integrin, which binds to RGD containing
components of the interstitial matrix, plays a key role in the progression of angiogenesis and
metastasis. It is highly overexpressed on the surface of angiogenic endothelial cells and tumour cells of
certain cancer types, making it attractive for tumour targeting [73;74]. In vivo targeting and imaging of
tumour vasculature using arginine-glycine-aspartic acid (RGD) peptide-labeled QDs was investigated for
the first time by Cai et al. [75]. In their work amine-modified QDs with peak emission at 705 nm
(QD705) was conjugated to the thiolated RGD peptide resulting in the formation of QD705-RGD.
Athymic nude mice bearing subcutaneous U87MG human glioblastoma tumours were administered
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with QD705 and QD705-RGD intravenously. In vivo fluorescence imaging of U87MG tumour bearing
mice showed that when mice were injected with QD705-RGD the fluorescence signal was detectablein
the tumour as early as 20 min postinjection, which reached its maximum at 6 h postinjection. However,
no significant fluorescence signal was observed in the tumour for the QD705 injected mouse.
Successful tumour imaging indicated the specific in vivo targeting of integrin a,8; using QD705-RGD. Ex
vivo fluorescence imaging also confirmed the uptake of QD705-RGD into the tumour. Microscopic
images of frozen tumour slices stained for CD31 immunofluorescne staining showed that QDs were
localised inside the vessels and did not extravasate, which was attributed to the large hydrodynamic
diameter of these QDs.

In another study by Gao et al. [76] the specific tumour targeting of RGD peptide labelled near-infrared
non-cadmium QDs was investigated. PEG encapsulated core/shell/shell QDs (QD800-PEG) with a peak
emission wavelength at 800 nm were conjugated with RGD peptide (QD800-RGD). In their study
QD800-PEG were also conjugated with the thiolated RAD peptide c(RADy(g-acethylthiol)K) to produce
QD800-RAD which was used as the negative control. Dynamic light scattering (DLS) analysis showed
that the hydrodynamic diameter of QD800-PEG, QD800-RGD, and QD800-RAD were about 16.5 nm,
19.6 nm, and 20.1 nm, respectively. Animal experiments were performed on nude mice bearing
subcutaneous U87MG human glioblastoma tumours. After intravenous injection of QD800-RGD,
QD800-PEG, and QD800-RAD, the fluorescence signal of QDs was monitored at various time intervals
using the IVIS Imaging System. Their results showed that after about 1 h postinjection of QD800-RGD,
the fluorescence signal of the tumour reached maximum and then slightly decreased over time, while
there was little to no tumour contrast in the mice injected with QD800-PEG or QD800-RAD. These
results indicated highly specific tumour targeting of QD800-RGD. A bright fluorescence signal of QDs
was observed in the liver, spleen and bone marrow, demonstrating the accumulation of QDs in the
reticuloendothelial system sites which was due to the relatively short half-lives of these QDs. For ex
vivo imaging, tumour and major organs were harvested and immediately were subjected to
fluorescence imaging using the same imaging system. The ex vivo results further confirmed the obvious
fluorescence signal in the U87MG tumour of mice injected with QD800-RGD, whereas there was almost
no fluorescence signal in the tumours of mice administered with QD800-PEG or QD800-RDA. In their
work although the uptake of the QDs in the liver was highest among all of the organs, the difference
between tumour fluorescence signalsindicated that only QD800-RGD has the capability to specifically
target and detect U87MG tumour. Through CD3limmunofluorescne staining, performed to investigate
the microscopic localisation of the QD in the tumours, fluorescence overlay images, showed the
presence of QD800-RGD in the tumour vessels but no QD fluorescence signal in the tumour vessels of
mice injected with QD800-PEG or QD800-RAD. Furthermore the images showed that QDs were
localised inside the tumour and did not extravasate from the tumour vessels suggesting that QDs of
greater size can only target the vascular integrin but not tumour cell integrin [71;75;77]. However, QDs
with smaller sizes (<10 nm in hydrodynamic diameter) can facilitate their extravasation (due to the EPR
effect), enhance the specific targeting to tumour cells and minimise the reticuloendothelial uptake
[64;65;78;79].

Recently in a study by Gao J et al. [80] dendron-coated non cadmium containing core/shell QDs
(QD710-Dendron) with peak emission at 710 nm were conjugated with RGD peptide (QD710-Dendron-
RGD,). Active tumour uptake of these QDs was investigated in nude mice bearing subcutaneous SKOV3
tumours. In vivo and ex vivo fluorescence imaging showed that the QD710-Dendron-RGD,
nanoparticles resulted in high tumour uptake and long retention of these nanoparticles at tumour sites.
The QD710-Dendron also displayed tumour accumulation, although to a lesser degree, which was likely
caused by passive uptake of nanoparticles due to the EPR effect. In comparison to the QD710-Dendron-
RGD,, the fluorescence signal of QD710-Dendron at tumour sites was relatively low and decreased
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significantly over time, and there was almost no tumour contrast after 24 h. The rapid change of
tumour fluorescence signal in the mice injected with QD710-Dendron was attributed to a weak
interaction of passive targeting. In their study anti-CD31 immunostaining of tumours was used to study
the microscopic location of QDs in the tumour and the results revealed the presence of QD710-
Dendorn-RGD, both inside and outside tumour vessels. These findings indicate that QD710-Dendorn-
RGD, not only specifically binds to vascular integrin a,Bs but also extravasates and interacts with
integrin o, B3 expressed on tumour cells. The extravasation of QD710-Dendorn-RGD, was in contrast to
previous work whereby using QDs with a hydrodynamic diameter larger than 20 nm they found no
extravasation was observed [75-77;81]. They attributed this to the extravasation of QD710-Dendorn-
RGD, owing to their relatively small hydrodynamic diameter in vivo.

In Vivo Imaging Using Self-illuminating QDs (BRET)

The application of QDs in living systems can be limited due to the requirement of an external
illumination source for excitation which produces strong background autofluorescence from
endogenous chromophores. In addition, because of absorption and scattering of optical photons in
tissues, little light could be available for QDs excitation at deep tissues. Moreover, there can be
nonselective tissue damage at the illumination site at high laser powers. Therefore, an ideal QD would
emit light without the need for the external excitation source. Towards these goals new types of QDs
referred to as “self-illuminating” QDs have been explored. These QDs can fluoresce without the need
for an external light source, based on the bioluminescence resonance energy transfer (BRET) process
[82-84]. BRET is a naturally occurring process whereby a bioluminescent compound (the donor)
nonradiatively transfers energy to a fluorescent compound (the acceptor) in close proximity [85;86].
BRET is analogous to Forster resonance energy transfer (FRET), except that the donor emission comes
from a chemical reaction catalysed by an enzyme rather than from absorption of light from an external
source, such as a laser. Efficient BRET occurs when there is an appropriate spectral overlap between
the emission spectrum of the donor and excitation spectrum of the acceptor. BRET efficiency is
inversely dependent on the sixth power of the distance between the donor and the acceptor, and
therefore a short-range effect is typically a few nanometres. The unique photophysical properties of
QDs such as broad absorption spectra, large molar extinction coefficient, high quantum yield and
tunable emission spectra make them ideal acceptors for the BRET studies.

Near-infrared self-illuminating QD conjugates can emit light from red to near-infrared region in living
cells and in living animals for deep tissue in vivo imaging. For instance, new types of self-illuminating
QD conjugates have been developed by So et al. [82]. In their study carboxyl functionalised QDs were
employed as the acceptor and coupled to a mutant of the bioluminescent protein Renilla reniformis
luciferas (Luc8). They showed that the conjugates emit bioluminescent lightin cellsand in animals even
in deep tissues. Upon the addition of the substrate coelenterazine or the protein emits blue light with a
peak emission at 480 nm. The QD which was in close proximity with protein was excited nonradiatively
via the BRET mechanism. They demonstrated coupling of the QD with the luciferase protein, and the
emission from QDs was detected at subcutaneous and intramuscular sites in a mouse model. In
addition, multipleximaging was demonstrated by labelling three groups of cells with three different QD
BRET conjugatesinjected into the same mouse. In another study, C6 glioma cells were labelled by QD-
BRET conjugates and injected through the tail vein into the mouse [84]. Using BRET emission from QDs
their trafficking into the lungs was imaged. In their study, multipleximaging by labelling two groups of
cells with two different QD BRET conjugates injected into the same mouse was demonstrated.
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In general, by eliminating the need for the external light source for the excitation BRET offers a variety
of advantages, including insignificant photobleaching of the fluorophores, no autofluorescence
background and no direct excitation of the acceptor. With the ability to tune the emission of QDs
simply by changing their size and composition, a variety of BRET pairs could be developed, which would
make it possible for various interactions to be imaged concurrently in the same animals.

Multifunctional QDs

The large surface of QDs makes these nanoparticles suitable scaffolds to accommodate multiple
imaging and therapeutic agents through chemical linkage or physicalimmobilization. This may enable
development of multifunctional nanostructures for multimodality imaging and integrated imaging and
therapy.

Dual-modality Imaging

Optical imaging is highly sensitive, though its application in humans and in vivo experimental modelsis
hampered by limited tissue penetration depth, and poor anatomical resolution and spatial information.
It is also difficult to sufficiently quantify QD signals in living subjects based on fluorescence intensity
alone. To address these limitations, several groups have developed dual modality nanostructure by
combining QD-based imaging with other imaging techniques such as positron emission tomography
(PET) and magnetic resonance imaging (MRI) as described in the literature [87] . The most commonly
used method to build multifunctional QDs are coating QDs or conjugating them with paramagnetic (for
MRI) or radioactive (for PET) ion chelates or molecules. For example, Chen et al. developed a dual
function imaging probe for both optical imaging and PET [77]. PET-detectable radionuclide **Cu was
attached covalently to the polymeric coating of QDs. Targeted in vivoimaging of a subcutaneous mouse
tumour model was obtained by additionally attaching arginine-glycine-aspartate acid (RGD) peptides
on the QD surface. The ultrahigh sensitivity of PET imaging enabled the quantitative analysis of the
biodistribution and targeting efficacy of this dual-modality imaging probe. This approach can overcome
the tissue penetration depth limitation for QD imaging, therefore allowing quantitative in vivo targeted
imaging in deep tissue and may facilitate future biomedical applications of QDs.

Another method to form multifunctional probes is doping the QDs with transition metals, such as Mn.
For example in a study by Wang et al. water soluble core/shell CdSe/Zn,,Mn,S nanoparticles were
synthesised and were applied to the cells [88]. Using both MRI and fluorescence microscopy they
demonstrated that QDs produced sufficient contrast in cells, indicating the utility of these
nanoparticles for imaging. In a third approach fluorescence/paramagnetic nanoparticles were made by
assembling QDs with Fe;04 or FePt magnetic nanoparticles in silica beads, micelles, and polymer
particles or within nanoheterostructures [89-91].

Integration of Imaging and Therapy

Drug-containing nanoparticles have shown great promise for treating tumours in animal models and in
clinical trials [92]. QDs have also been utilised to carry distinct classes of therapeutic agents for
simultaneous imaging and therapeutic applications. Farokhzad et al. developed a ternary system as a
targeted cancer imaging, therapy, and sensing system [93]. In their study the QD surface was
functionalised with an A10RNA aptamer (which recognises the extracellular domain of the prostate
specific membrane antigen (PSMA)) to develop a targeted QD imaging system (QD-Apt). A well-known
anti-cancer drug, Doxorubicin (Dox), was attached to the stem region of the aptamers, taking
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advantage of nucleic acid binding ability of Doxorubicin. In this configuration, two donor-acceptor pairs
of fluorescence resonance energy transfer (FRET) between QD-Dox and Dox-RNA aptamers occurred.
They showed that this multifunctional nanostructure can deliver Doxorubicin to the targeted cellsand
monitor the delivery of Doxorubicin by activating the QD fluorescence, which simultaneously images
the cancer cells.

The potential of QDs for photo-induced formation of reactive oxygen species (ROS) has been reported
by several groups which is the basis of photodynamic therapy (PDT). Photodynamic therapy is a
minimally invasive therapeutic modality approved for the clinical treatment of several types of cancer
and non-oncological disorders. Generally, the photodynamic therapy procedure consists of
administrating the photosensitiser systemically (intravenous injection) or topically to the skin. Then,
the diseased tissue is illuminated with light at an appropriate wavelength and energy dose at an
appropriate time (when the photosensitiser concentration corresponds to a maximum accumulationin
target tissue). The photosensitiser is activated by the light and interacts with molecular oxygen (O,) to
produce cytotoxic reactive oxygen species [94;95]. Most of the clinically and experimentally available
photosensitisers have some major drawbacks such as instability in aqueous solutions, prolonged
cutaneous sensitivity, chemical impurity, poor selectivity (in terms of targeting diseased tissue), low
extinction coefficients, low photobleaching thresholds and weak absorption at the therapeutic
wavelength [96]. To address these problems new photosensitisers are being sought together with
improved delivery systems, including nanoparticle carrier systems. There has been an increasing
number of reports on the preparation and utilisation of nanocarriers for photodynamic therapy agents
[97-103]. Among the different nanoparticles that offer great promise in photodynamic therapy
applications are QD nanoparticles. In relation to photodynamic therapy, QD nanoparticles possess
several characteristics which make them attractive as a new therapeutic agent. For instance, their
surface can be functionalised for specific targeting, they have large extinction coefficients, large two-
photon cross sections and are exceptionally resistant to photobleaching [104].

Although targeted delivery of QDs in cancer cells and tumour tissue by using anticancer antibodies and
other biomolecules has become possible recently, the efficiency of QDs on their own to produce ROS
under direct photoactivation appears to be relatively low, compared with conventional photosensitiser
drugs. Thus, in order to utilise the exceptional photostability, broad absorption band and large two-
photon cross section of QDs beside improving the production of ROS, several groups have investigated
the utility of quantum dot-photosensitiser complexes or hybrids as new generation drugs for
photodynamic therapy [105-108]. In this configuration, the QDs act as energy donors and excite
photosensitiser acceptors indirectly via the Forster resonance energy transfer (FRET). Based on the
growing number of in vivo studies of QDs in experimental tumour models, there is clearly considerable
potential for quantum dot-photosensitiser complexes in photodynamic therapy.

Cell Tracking

Cell tracking using QD nanoparticles is also a very active and promising area of research. The ability to
track and target local tumour growth, distant metastasis, tumour associated neovasculature, and stem
orimmune cells in live subjects are crucial to many biological studies. For these purpose QDs should be
able to efficiently label target cells in vitro and they should not leave the cells after in vivo injection.
Several studies have shown that QDs remain inside their initial cells during the experiments. Dubertret
et al. demonstrated for the first time the in vivo cell tracking using QD nanoparticles. In their study QDs
were injected into the cytoplasm of single frog embryos. They showed that as the embryos grew, the
cells divided, and each cell that descended from the original labeled cells retained a portion of the
fluorescent cytoplasm, which could be fluorescently detected under illumination [4]. In another study
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by Lei et al. PEG encapsulated CdSe/ZnS were conjugated with the HIV derived cell penetrating Tat-
peptide and were introduced into living mesenchymal stem cells (MSCs) [109]. Using the confocal
microscopy the results show that Tat-QDs could enter the MSCs efficiently. They also injected Tat-QDs
intravenously into the mice and tissue distribution of these labelled stem cells was assessed with
fluorescence microscopy. The results showed that Tat-QDs were observed in the liver, spleenand lung
with little or no QDs in other organs. They demonstrated that labelled stem cells can be visualised at
the single cell level, offering a promising application in stem cell transplantation and stem cell based
therapy. Also Gao et al. loaded cancer cells with QDs and injected these cells subcutaneously into the
mice [35]. They observed that implantation of QD-loaded cells led to normal tumour growth in animal
model and the fluorescence of the QDs was detected through the skin. In another study human
mesenchymal stem cells were loaded with QDs [110]. They showed that these cells could be implanted
into an extracellular matrix patch for use as a regenerative implant for canine heart with a surgically
induced defect. Eight weeks after implantation QD fluorescence were detectable in histological
sections, indicating that the locations of these cells could be determine for at least eight weeks
following delivery in vivo.

The ability to separate fluorescence from different type of QDs using multiphoton and emission-
scanning microscopy provides the opportunity to study the interaction of different population of
tumour cells and tissue cells within the same animal. For instance, in a study by Voura el al. tumour
cells were labelled with QDs and were intravenously injected into mice [111]. In this study QDs and
spectral imaging allowed the simultaneous identification of five different populations of cells using
multiphoton laser excitation.

Future perspective
Improving the Biocompatibility of QDs

For most in vivo imaging studies using QD nanoparticles, systemic intravenous delivery of QDs is the
main route of administration. For this reason, the interaction of nanoparticles with the plasma
components, adsorption to blood cells and the vascular endothelium and the eventual biodistribution
in various tissues are important factors. These parameters are particularly important when considering
tumour-specific imaging applications.

Upon entering the body nanoparticles like other foreign pathogens, encounter multiple lines of
defence that protect the body from invading substances. Adsorption of plasma proteins on the
nanoparticle surface is called opsonisation [112]. This helps immune cells such as macrophages to
recognise and take up the nanoparticles. Opsonisation could lead to a dramatic change in
physicochemical properties of nanoparticles such as increased hydrodynamic size, aggregation and
charge neutralisation. The phagocytic monocytes and macrophages, found around the body and largely
in the liver, spleen, lymph nodes and bone marrow, collectively make up the reticuloendothelial system
(RES). As a result of nanoparticle phagocytosis by macrophages in the blood and via these
reticuloendothelial system organs, nanoparticles are commonly sequestered to these organs. The
immune recognition of nanoparticles and their uptake by the reticuloendothelial system reduces their
circulation time in the blood and can dramatically affect their drug delivery efficacy. This problem is
particularly important for targeted nanoparticles that need time to bind to the tumour receptors and
for non-targeted nanoparticles that rely only on the EPR effect.

There are several factors which influence in vivo QD biodistribution including the nanoparticle size,
hydrophobicity, surface charge, the route of administration, and the physiological environment to
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which nanoparticles are introduced. Most of the in vivo biodistribution studies of QD nanoparticles
have demonstrated the accumulation of QDs in the RES such as liver, spleen. It has been shown that
time-dependent accumulation of QDs in the RES was strongly dependent on the QD size, where the
uptake was higher for larger particles. Furthermore, it has been revealed that the adsorption of serum
proteins on the QD surface is dependent on surface coating, which can significantly increase the
hydrodynamic diameter of QDs and subsequently their RES uptake. Forinstance, in a study by Bawendi
et al. the hydrodynamic diameter of purely cationic or purely anionic QDs was enhanced by
approximately 15 nm in the presence of serum [64]. In a subsequent study by this group it was
demonstrated that neutral and hydrophilic polymer encapsulated QDs tended to avoid the serum
protein adsorption, while maintaining permeability and retention in tumour sites [113]. In another
study by Fischer et al. hydrophilic ligand exchanged QD, using mercaptopropionic acid exhibited
hydrodynamic diameter growth from 25 nm to 80 nm in the presence of bovine serum albumin (BSA).
However, zwitterionic cysteine encapsulated QDs did not change in size when subjected to fetal bovine
serum [114].

Hence for successful targeted drug delivery and imaging, it is necessary to minimise opsonisation and
prolong the circulation of nanoparticles in vivo. This can be achieved by surface coating of the
nanoparticles with hydrophilic polymer/surfactants such as polyethylene glycol (PEG). Studies show
that PEG confrontation at the nanoparticles surface is of utmost importance for the opsonin repelling
function of the PEG layer. In the case of QD nanoparticles, numerous studies have also shown that PEG
increases the colloidal stability of QDs in blood [64;113;115]. For instance, in a study by Gao et al. QDs
were encapsulated with triblock copolymer and were linked to PEG [35]. In vivo targeting studies of
human prostate cancer growing in nude mice showed an increase in the blood circulation time of these
QDs which was proportional to the length of the PEG chain. In another study, near-infrared emitting
QDs were ligand exchanged with dihydrolipoic acid (DHLA) and conjugated with PEG chains with
various lengths. Intermittent sampling from the tail vein revealed that low-molecular-weight PEGylated
QDs had shorter blood circulation times compared to the larger molecular weight PEGylated QDs [113].
The same trend was reported by Al-Jamal et al. who found that blood retention times for larger
molecular weight PEGylated QDs (PEG 2000-5000) was significantly longer that low-molecular-weight
PEGylated QDs (PEG 750) [116].

It should be noted that the presence of a PEG coating may only delay the RES uptake of QD
nanoparticles, since all nanoparticles are prone to eventually accumulate in the RES, irrespective of
surface coating. The liver is considered the main organ for capturing nanoparticles greater than 10-20
nm [64]. It appears that liver uptake is dependent on the size of the nanoparticles: uptake of larger
particles is greater and they are excreted from the body more slowly. For instance, 4 h after
intravenous injection, the QD515 of hydrodynamic diameter of 4.4 nm were mainly found in the
bladder, with less than 5% located in the liver. In contrast, 25% of the injected dose of the larger QD574
with hydrodynamic diameter of 8.7 nm was observed in the liver [64]. Similar results were reported by
Fischer et al. where 90 min postinjection 99.5% of the injected dose of QDs coated with bovine serum
albumin (hydrodynamic diameter: 80 nm) was found in the liver, whereas only 36% of the injected dose
of QD coated with mercaptopropionic acid (hydrodynamic diameter: 25 nm) was found in the liver
[114]. In another study that examined the effect of size, non-cadmium containing QDs were coated
with two different carboxylate coatings, one with a hydrodynamic diameter of 25 nm (QD800-COOH)
and the other with a hydrodynamic diameter of less than 10 nm (QD800-MPA). QDs were injected
intravenously into mice bearing 22B and LS174T tumours. It was found that tumour uptake with
QD800-MPA was higher than QD800-COOH, likely due to their smaller size. In addition it was revealed
that smaller QDs were excreted from the body more efficiently than larger QDs. Fluorescence signals of
QD800-MPA were detected in the kidney and bladder which decreased with time, indicating renal
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clearance. In contrast, for the larger particles fluorescence signals were mainly found in the liver, bone
marrow and spleen but tumour contrast was very low. The non-specific uptake of QD800-COOH
particles was related to their larger size [79].

Surface coating determines the overall QD size, therefore high molecular weight polymers or organic
coating lead to considerable increases in the QD diameter that can accelerate QD blood clearance and
liver entrapment. From the clinical point of view, it would be possible to inhibit the accumulation of
QDs and avoid potential toxic effects if they are within the size range that enables renal excretion.
Studies have shown that the biodistribution and elimination of QDs are strongly correlated with QD size
[64;65;113]. For example Frangioni et al. demonstrated that the renal clearance of QDs is closely
related to their hydrodynamic diameter and the renal filtration threshold (~ 5.5 nm) [64]. Of equal
importance to the QD size, is that the surface does not promote protein adsorption, which could
significantly increase the QD diameter above that of renal threshold, and promote phagocytosis. They
reported that the surface charge of QDs had an important effect on the overall size of QDs under
physiological conditions. Purely positive or negative QD surface charge was related with an overall
increase in the QD hydrodynamic diameter above 15 nm, due to the interaction with serum proteins.
This increase prevented their renal excretion and led to the enhancement in their accumulationinliver.
In their study only coated QDs with a hydrodynamic diameter of less than 5.5 nm were rapidly excreted
in the urine and eliminated from the body.

In general, the metabolism and the excretion route of QDs still remain unclear and have to be
investigated extensively. Ideally the small amount of the QDs remaining in the body should be
ultimately eliminated, either via the kidneys into the urine or via the hepatobiliary pathway. The
mechanisms for complete clearance are however not well understood yet.

Potential Toxicity of QDs

The major concern to the clinical translation of QDs is their toxicity due to their chemical composition
of toxic heavy metal atoms (e.g Cd, Hg, Pb, As). Currently the most commonly used QDs contain
cadmium. Although this elementisincorporated into the core of the nanocrystal, surrounded by inert
zinc sulphide, and encapsulated within a stable polymer, it is still unclear if this toxic ions can be used
as clinical contrast agents. Therefore, despite potential biomedical applications of QDs concerns
persists about their safety.

In vitro studies have shown that QD toxicity arises from several factors such as chemical composition,
size, shape, surface charge, surface coating, and dose. Their ability for photo-induced formation of
reactive oxygen species (ROS) and nanoparticle aggregation are other parameters involved in QDs
toxicity [117-122]. Toxicology data derived from in vitro studies may not reflect the response of a
physiological system to an agent. Animal model is the preferred system for the toxicological
assessment of a novel agent. Therefore comprehensive in vivo toxicity evaluation of QDs is crucial for
their clinical translation. In vivo toxicity is determined by several factors including dose, rout of
administration, metabolism, excretion rate, and immune response. Chemical composition, size, shape,
aggregation and surface coating are also involved in QD-induced toxicity. Various animal models have
been used to study in vivo toxicity of QDs and a few examples are described in the following sections
[123].

Generally, mammalian models are used for the in vivo toxicity study, but recently some groups have
used zebrafish for toxicity study of QDs. King-Heiden et al. used a zebrafish model to study the toxicity
of CdSe/ZnS QDs [124]. In their study zebrafish embryos were exposed to aqueous solutions of QDs.
They reported that the toxicity was influenced by the QDs coating. At sublethal doses, many QDs
preparations produced characteristic signs of cadmium toxicity that weakly correlated with
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metallothionein expression suggesting that QDs were slightly degraded in vivo. They also reported that
QDs produced distinctively different toxicity that could not be described by cadmium release. In
another study, Truong et al. evaluated the importance of QDs surface functionalization in both
nanoparticle stability and in vivo biological responses using the embryonic zebrafish [125]. They used
two PbS QDs formulation with the same core sizes but different surface functionalization. Exposure to
these QDs was begun 6 hrs post fertilisation. They showed that QDs toxicity was strongly associated
with the surface ligands.

In vivo toxicity studies of QDs have also been carried out in various mouse and rat models. For instance,
Hauck et al. performed a systemic study to evaluate the effect of dosing and surface chemistry on the
short- and long-term in vivo toxicity of CdSe/ZnS QDs in rats [126]. Animal survival, animal mass,
haematological and biochemical tests, and organ histology showed that QDs did not cause appreciable
toxicity under in vivo condition. Even chronically dosed rats did not experience QDs toxicity. In another
study by Su et al., short- and long-term biodistribution and toxicity of CdTe QDs were investigated after
administration into the mice [127]. They showed that QDs were initially accumulated in the liver after
short-term post-injection, and then were absorbed by the kidney during long-time. Histological and
biochemical analysis, and body weight measurements revealed that there was no advert effect of QDs
in mice even after long-time exposure time. Gao et al. injected dendron-coated InP/ZnS QDs into the
mice [80]. The dendrimer and dendron molecules have unique physicochemical properties and have
great potential for use in a variety of biomedical applications including drug delivery [128]. A pilot
mouse toxicity study by this group confirmed that these dendron coated QDs were not toxic at the
doses tested.

Non-human primates are irreplaceable animal models for biomedical research because of their close
evolutionary relationship to humans. The first study of QDs in primates was reported by Ye etal. [129].
In their study phospholipid micelle encapsulated CdSe/CdS/ZnS QDs were injected into rhesus
macaques. The results revealed that the haematological and biochemical markers were within normal
ranges over 90 days of monitoring. In addition histological analysis of major organs displayed no sign of
inflammation or injury. However, chemical extraction of the tissues revealed that most of the initial
dose of the cadmium remained in the liver, spleen and kidney after 90 days post-injection, indicating
that the breakdown and clearance rate of QDs is slow in comparison to biodegradable polymer
nanoparticles. This suggests that longer-term studies will be essential to determine the eventual effect
of these nanoparticles in the body.

To characterise fully the in vivo toxicity of QDs, further comprehensive investigations are still required.
Some of these assessments include the evaluation of QD composition (cadmium-based versus cadmium
free QDs), surface chemistry, size, and shape. In future for the nonhuman primate studies of QDs
toxicity, the cardiovascular and respiratory measurements would also be valuable. Specific
immunohistochemistry assay can be used to hepatocytes in the liver samples. Genetic analysis such as
polymerase chain reaction (q-RT-PCR) can also be performed on tissue samples to determine the
inflammatory gene regulation. Future in vivo studies should also focus on long-term accumulation of
QDs and on understanding their excretion through the faces and urine. Combining the results from all
of these studies will eventually provide valuable information and guidance for the design and use of
QDs in biomedical field.
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Conclusions

The long-term goal in medical applications of nanobiotechnology is to design and develop
nanoparticles with multiple functions that are capable of targeting diseased tissues, treating the
disease and monitoring progress in real time. One of the most early applications of QDs would be in
areas such as image-guided surgery for tumour removal. QDs can also be designed to develop more
complex multifunctional nanostructure, such as incorporation of paramagnetic metals into the
nanoparticles. In this imaging modality, QDs could be used as MRI contrast agents for the detection of
deep seated tumours, while intraoperative fluorescence imaging of QDs would enable the surgeon to
define the tumour margins to excise the entire tumours more completely. QDs can also been
conjugated to therapeutic agents, which would enable simultaneous diagnostic imaging and drug
delivery monitoring in real time. For biomedical applications, it is important to minimise the overall size
of QDs, to reduce nonspecific protein adsorption, to understand the toxic effect of semiconductor
materials, to develop near-infrared emitting QDs to minimise the problems of indigenous fluorescence
of tissue and enhance penetration depth. For the clinical translation, QD nanoparticles should be
composed of nontoxic materials and should be biodegradable. Cadmium free QDs could therefore offer
the opportunity to fulfil the biological applications of QDs without the toxicity limitations encountered
by cadmium containing QDs. By reaching these gaols, QD nanoparticles will complement organic
fluorophores deficiencies in particular applications as in vivo imaging.
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