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Abstract

The emergence of synthesis strategies for the fabrication of nanosized contrast agents is anticipated to lead to advancements in understanding
biological processes at the molecular level in addition to progress in the development of diagnostic tools and innovative therapies. Imaging agents
such as fluorescent dye-doped silica nanoparticles, quantum dots and gold nanoparticles have overcome many of the limitations of conventional
contrast agents (organic dyes) such as poor photostability, low quantum yield, insufficient in vitro and in vivo stability, etc. Such particulates are
now being developed for absorbance and emission in the near infrared region, which is expected to allow for real time and deep tissue imaging via
optical routes. Other efforts to facilitate deep tissue imaging with pre-existing technologies have lead to the development of multimodal
nanoparticles which are both optical and MRI active. The main focus of this article is to provide an overview of properties and design of contrast
agents such as dye-doped silica nanoparticles, quantum dots and gold nanoparticles for non-invasive bioimaging.
© 2006 Published by Elsevier B.V.

Keywords: Non-invasive imaging; Fluorescence; Magnetic resonance imaging; Silica; Gold; Quantum dots; Multimodal; Nanoparticles

Contents

1. Introduction. . . . . . . . . L e e 472
NON-invasive imaging . . . . . . . . v v v e e e e e e e e e e e e e e e e 472

2.1, Imaging modalities . . . . . . . . . . L e e e 472
2.1.1.  Magnetic resonance imaging (MRI) . . . . . . . . . .. L 472

2.1.2. Optical imaging . . . . . . . . . o o e e e e e e e e 473

2.2, Imaging agents . . . . . . .. .. e e e e e e e e 474
2.2.1.  Issues with conventional contrast agents . . . . . . . . . . . . ..o e e 475

2.2.2.  Nanoparticle-based contrast agents. . . . . . . . . . . ... . e e e e e e e e e 476

3. Design of nanoparticles for bioimaging application . . . . . . . . . . Lo L 479
3.1.  Dye-doped silica nanoparticles . . . . . . . . . . e e e 479

32, Quantum dotS . . . . ... e e e e e e 480

3.3, Gold nanoparticles. . . . . . . L e 481

4. Trends and OpportUnities . . . . . . . . ... L. e e e e e e e e e e e 481
Acknowledgement . . . . . . . L e e e e 482
References . . . . . . . L e 482

* Corresponding author. Tel.: +352 846 1194; fax: +352 846 1196.
E-mail address: bmoudgil@erc.ufl.edu (B. Moudgil).

0001-8686/$ - see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.¢is.2006.05.026


mailto:bmoudgil@erc.ufl.edu
http://dx.doi.org/10.1016/j.cis.2006.05.026

472 P. Sharma et al. / Advances in Colloid and Interface Science 123—126 (2006) 471-485

1. Introduction

A new era dawned in the history of medical diagnosis when
Wilhelm Roentgen captured the first X-ray image of his wife’s
hand in 1896. Since the inception of X-ray technology for medical
imaging, many non-invasive methodologies have been invented
and successfully applied to fields ranging from clinical diagnosis
to research in cellular biology and drug discovery. Biomedical
imaging research has leveraged the benefits of significant
advances in electronics, information technology and, more
recently, nanotechnology. Substantial progress in the ability to
fabricate particles in the “nano” regime (using both “top-down”
and “bottom-up” approaches), and the discovery and understand-
ing of their novel size dependent physical and chemical features
[1] has drawn the attention of researchers in this area. The
development of targeted contrast agents such as fluorescent
probes has made it possible to selectively view specific biological
events and processes in both living and nonviable systems with
improved detection limits, imaging modalities and engineered
biomarker functionality. These contrast agents have become a
mainstay in modern medicinal and biological research with many
reports now discussing the future scope [2,3] and commercial-
ization [4,5] prospects. By the mid-2004, there were about 20,000
patents and patent applications in the field of nanotechnology
with one of the areas of prime activity being nano-based
biological and chemical detection [6]. The sales of medical
imaging contrast agents reached $1.41 billion in 2003 and are
expected to rise to $2.58 billion by 2009 in the US alone [7]. The
fabrication of luminescent-engineered nanoparticles (with multi-
functional features) is expected to be integral to the development
of next generation therapeutic, diagnosis and imaging
technologies.

2. Non-invasive imaging

A number of non-invasive optical imaging approaches such as
computed tomography (CT), magnetic resonance (MR), positron
emission tomography (PET), single photon emission CT
(SPECT), ultrasound (US) and optical imaging (OI), including
their variations and subcategories, have recently been described

Table 1
Non-invasive imaging modalities in clinical use

[8—13]. Each differs in terms of sensitivity and resolution,
complexity, time of data acquisition and financial cost. Different
imaging techniques are, in general, complementary rather than
competitive and the choice of imaging modality depend primarily
on the specific question that is to be addressed. Imaging of
biological specimens both in vitro and in vivo has long relied on
light microscopy (fluorescence and luminescence imaging) and is
currently attracting increasing attention as technological advances
provide enhanced capabilities. Another technology that has
grown remarkably as a tool in medical diagnostics, especially
for soft tissues, is MRI. The development of multifunctional
nanoparticles is a step further in the same direction. Multimodal
nanoparticles [ 14,15] can be detected simultaneously by MRI and
OI (e.g., fluorescence microscopy) as they incorporate the
luminescent core and the paramagnetic ions (which generates
MRI signals) into the same particle. Such particles integrate the
advantages of high sensitivity (from optical method of detection,
e.g., fluorescence) with the potential of true three dimensional
imaging of biological nanostructures and processes at cellular
resolution (i.e., MRI detection) [16—18]. Moreover, the limita-
tions of each technique such as low sensitivity of MRI and limited
anatomical background information acquired using OI are offset
by one another. This chapter will briefly review the recent
methods in imaging with a particular focus on optical imaging
using luminescent nanoprobes, their design and applications in
bioimaging.

2.1. Imaging modalities

Various modalities that have been used for non-invasive
imaging in medicine are listed in Table 1.

A Dbrief discussion of MRI and optical imaging contrast
agents is presented below.

2.1.1. Magnetic resonance imaging (MRI)

The MRI technique is based on the basic principles of nuclear
magnetic resonance. Essentially, it takes advantage of tissue
contrast that is generated from the NMR signals received from
hydrogen nuclei located in different physiological environments
throughout an organism. When a specimen is placed within in a

Imaging technique Detection

Common contrast agents

Some clinical applications

Computed tomography X-rays

Magnetic resonance imaging Magnetic field

Topamidol, ioversol, iohexol, ioxaglate

Gadoteridol, gadodiamide,

Cerebral infarction, intracranial hemorrhage,
angiography
Cerebral and coronary angiography

gadopentetate dimeglumine

Positron emission tomography Gamma-rays

Single photon emission computed tomography =~ Gamma-rays

Ultra-sonography Ultrasonic waves

BEDG, '"H,0, ®3Ga-EDTA, 11C-methionine
mTe-HMPAO, **™Tc-ECD, 111In-octreotide

Microbubbles

Cerebral blood flow and metabolic rates,
degenerative diseases, brain development
Cerebral infarction, ischemia, dementia,
cardiac imaging

Echocardiography, intracranial neoplasm,
cephalic disorders

EDG: F-18 fluorodeoxyglucose.

%8Ga-EDTA: “®Ga-labeled ethylenediaminetetraacetic acid.
29MTe-HMPAO: technetium-99m-,L-hexamethylpropylene amine oxime.
99mTe ECD: **™Te-ethylcysteinate dimer.
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Table 2
MRI parameters: factors influencing the signal from each location

Parameter Description

T, Spin-lattice/longitudinal relaxation time. The T, relaxation time
constant is a material property describing the characteristics of how
this energy is given back to the surroundings

T, Transverse relaxation time. T, relaxation time constant describes the
energy transfer between adjacent protons

To* Same as T,, but also contains heterogeneities in the environment

P Spin density: the concentration of H nuclei in tissue

homogenous, static magnetic field nuclear spins will resonant at a
given frequency that depends on the magnitude of applied
magnetic field. Once the specimen has reached this equilibrium
magnetization, it is then excited with a radiofrequency pulse at the
appropriate resonant frequency resulting in a change in the net
magnetization. When the radiofrequency pulse stops and the spins
relax back to their equilibrium state, electromagnetic signals are
transmitted back into the spectrometer. The changes in induced
electromagnetic signals in the presence of linear field gradients
are used to construct three dimension images of the body. MRI has
excellent soft tissue specificity and can be used to identify many
types of lesions in the brain and spinal cord. The predominant
factors that influence the amount of signal and the extent of
contrast received from a sample are listed in Table 2. The values of
these parameters change from one tissue to the next and are
responsible for the contrast between tissues of various types. Due
to difficulties in distinguishing tumors from normal tissues in the
body using an MR image, patients are often injected with contrast
agents, such as gadolinium chelates and iron particles that
selectively highlight the tumors. The design of MRI contrast
agents is crucial since it helps to change the T; and/or T, of the
protons in the vicinity of the agent and, thus, helps to generate
image contrast (bright/dark) for diagnosis. According to the
Solomon-Bloembergen-Morgan theory, which relates the ob-
served paramagnetic relaxation rate enhancement to microscopic
properties, proton relaxivities over 100 mM ' s~ for Gd™
complexes are predicted to be influenced the most by rotation,
electron spin relaxation and water exchange on Gd™ [19].

2.1.2. Optical imaging

Light is the most versatile imaging radiation. It is non-
invasive and able to create a contrast by intensity, wavelength,
polarization [20], coherence, interference [21,22] lifetime and
nonlinear effects. Optical imaging techniques (Table 3) have
used different physical parameters of light interaction with
tissues and the reader may refer to reviews written on the subject
[23-29] for additional information.

Of the optical imaging techniques available, fluorescence
microscopy has emerged as one of the most powerful imaging
techniques. Optical fluorescence depends on the inherent
property of the fluorophore (usually organic dyes, lanthanide
compounds, etc.), which is illustrated in Fig. 1 (Jablonski
diagram). When the fluorophore is excited by quanta of specific
energy, it excites electrons from the ground state to a higher
energy singlet state (S;, S,). Since different electrons have
different energies (rotational and vibrational), the transition to a

singlet state demands change to an equivalent vibrational or
rotational energy at a higher electrical state. During this process,
the electron loses a part of its energy, generally through thermal
decay (non-radiative energy decay) and, as a result, a lower
energy photon is emitted. The difference between the
wavelength required for excitation and the wavelength of the
emitted light is known as the Stokes shift. This is the essential
basis of all fluorescence methods. For instance, in fluorescence
imaging, the energy from an external source of light is absorbed
by the imaging agent injected near the tumor site (Fig. 2, step A)
and almost immediately is re-emitted at a longer, lower-energy
wavelength, which is detected by the detector (Fig. 2, step B).

The fundamental barriers to optical imaging of a tissue are
high light scattering, autofluorescence and high absorption by
hemoglobin (Hb) in the mid-visible band. Thus, depending
upon the wavelength of light employed (typically restricted by
the fluorophore used), different penetration depths can be
achieved. For instance, UV—vis spectral range photons are
strongly absorbed by the most relevant tissue chromophores,
deoxy- and oxyhemoglobin (HbO,), within the first few
micrometers to a millimeter of tissue thickness, thus limiting
its penetration. Near-infrared light of 650 to 900 nm, on the
other hand, achieves the highest tissue penetration due to
minimal absorbency of the surface tissue in this spectral region.

Table 3
In vivo optical imaging techniques

Technique Contrast’ Depth ~ Commonly used  Clinical
wavelength potential

Microscopic resolution

Epi A, Fl 20 um  Visible Experimental

Confocal Fl 500 pm  Visible Experimental

Two-photon Fl 800 um Visible Yes

Mesoscopic resolution

Optical projection A, Fl 15mm  Visible No
tomography

Optical coherence S 2mm  Visible, NIR Yes
tomography

Laser speckle imaging S 1 mm Visible, NIR Yes

Macroscopic resolution, intrinsic contrast

Hyperspectral A,S,FI <5mm Visible Yes
imaging

Endoscopy A,S,FI <5mm Visible Yes

Polarization imaging A, S <1.5 cm Visible, NIR Yes

Fluorescence A, Fl <7mm NIR Yes
reflectance imaging

Diffuse optical A, Fl <20 cm NIR Yes
tomography

Macroscopic resolution, molecular contrast

Fluorescence A, Fl <7mm NIR Yes
resonance imaging

Fluorescence Fl <20 cm NIR Yes
molecular
tomography

Bioluminescence E <3cm  500-600 nm No
imaging

A: absorption, E: emission, S: scattering, Fl: fluorescence. Reprinted by
permission from Macmillan Publishers Ltd: Nature Medicine (Ref. [23]),
Copyright (2003).
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Fig. 1. A simplified Jablonski diagram.

This is because hemoglobin (the primary absorber of visible
light) and water and lipids (the primary absorbers of infrared
light) [30] have their lowest absorption coefficients in the NIR
region [31] (Fig. 3). Deeper areas are thus accessible, permitting
tomographic display of bulk tissue optical properties. Advanced
fluorescence imaging techniques, such as fluorescence molec-
ular tomography (FMT) [32-39] and fluorescence reflectance
imaging (FRI) [40—43], commonly employ NIR wavelengths
and, hence, are being scrutinized for in vivo molecular imaging
applications. Weissleder group has recently shown that FRI and
FMT using “smart” protease sensing probes not only permit
detection of experimental spontaneous breast cancers but also
differentiate breast cancers non-invasively [44]. Intravital
microscopy (IVM) is another powerful tool for studying the
molecular processes using fluorescent probes. In contrast to
other optical imaging techniques, it allows continuous non-
invasive monitoring of molecular and cellular processes in
intact living tissues with 1-10 pum resolution [45-49].

2.2. Imaging agents

Imaging agents can be divided into following two broad
categories.

Endogenous agents: These agents typically use an enzyme-
mediated process inside the body to generate visible light when
a substrate is degraded. The most commonly employed reporter
systems are the fluorescent proteins, such as green fluorescent
protein (GFP) (and its mutants) [50—54] and the luciferin/
luciferase bioluminescent system [55—64]. GFP proteins require

\

Step A

Tumor

no further substances or substrates to work [26]. The excitation
wavelength is 490 nm and there is only minimal photobleach-
ing, which is a pre-requisite for the performance of long-term
measurements [65]. This fluorescent pigment is covalently
attached to the protein during synthesis. Consequently, the
expression of the gene that encodes for GFP leads directly to the
appearance of the green fluorescent signal, which is determined
by the position of the mature protein [66]. Although fluorescent
proteins offer an opportunity for extracting molecular and
cellular level information in small animals, they have a less
defined role in clinical applications [67—69]. A drawback of
GFP is its low emission wavelength (A=510 nm), which
overlaps with the autofluorescence of many tissues. Biolumi-
nescence can be used to overcome some of the issues
encountered with endogenous fluorophores. In biolumines-
cence imaging, a substrate (typically luciferin) is administered
to an animal that has been designed to carry the luciferase
(enzyme) such that when the substrate and enzyme meet, the
luciferase is oxidized, emitting light, thus enabling detection.
The application of bioluminescence for in vivo tracking is
promising. However, current drawbacks include positional
uncertainty of light emitting cells due to non-homogenous
scattering, light penetration issues and an apparent need for a
stable expression of luciferase.

Exogenous imaging agents: Exogenous agents are by far the
most familiar contrast agents to today’s researchers and
scientists. They range from simple dyes used for colorimetric
contrast to sensitive fluorescent probes and beyond. Examples
of common exogenous agents and their respective imaging

Detector

NIR incident radiation

| iy
' Fluorescence emission

Fig. 2. Schematic representation of the application of the contrast agent on the tumor site (step A) followed by detection of reflected fluorescence emission from the

contrast agent (step B).
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Fig. 3. NIR window (2=650-900 nm) suitable for in vivo imaging. Reprinted
by permission from Macmillan Publishers Ltd: Nature Biotechnology (Ref.
[31]), Copyright (2001).

methods are lanthanide chelates and organic fluorophores used
in fluorescence imaging, and gadolinium chelates and super-
paramagnetic iron oxide used in MRI. There are a number of
limitations associated with the use of conventional contrast
agents such as organic dyes and gadolinium chelates. In the next
few sections of this review, we will identify key shortcomings
and illustrate how innovations through nanotechnology have
helped overcome these issues and open doors to new
applications.

2.2.1. Issues with conventional contrast agents

Organic dyes: Organic fluorescent dyes are the most
commonly used fluorophores. Dyes such as fluorescein
isothiocyanate (FITC) and carboxyfluorescein diacetatesucci-
nimidyl ester (CFSE) have been used in various biological
applications, such as fluorescent-labeled antibodies and mole-
cules that are used to stain cells or organelles [70,71]. The main
limitations of using organic dyes, however, are:

(i) They are prone to rapid photobleaching (i.e., they cannot
fluoresce continuously for extended periods of time) and,
thus, are unsuitable for extended periods of bioimaging
observations [72,73].

(i1) Organic fluorophores are not well suited for simultaneous
multicolor imaging applications. Most organic fluoro-
phores have a relatively broad emission spectrum that can
easily overlap with the emission of other fluorophores.
Moreover, each fluorophore can be optimally excited only
by a defined wavelength of light (which usually makes it
necessary to use as many excitation sources as the types
of fluorophores).

(ii1) Emission/excitation is often susceptible to changes in
local chemical environment (e.g., pH, interacting ions,
etc.).

(iv) Emission from dyes can overlap with autofluorescence
from tissues. The cause for autofluorescence in tissues is
the presence of low amounts of fluorophores such as
nicotinamide (NAD[H]), flavins, collagen and elastin
[74]. The presence of these molecules gives background
fluorescence that must be overcome when looking for
signal derived from organic dyes, which unfortunately

often also fluoresce in the same region. This is a common
shortcoming for the majority of dyes which fluorescence
in the visible region. Because of this, exogenously
administered fluorochromes that fluoresce in the NIR
region [75-77], e.g., cyanine class of dyes, are now
finding increased application in fluorescence imaging.
However, most conventional dyes that emit fluorescence
light beyond ~ 850 nm suffer from low quantum yield
(low brightness) and poor photostability [78,79].

MRI contrast agents: Many of the metals belonging to
lanthanide and transition metal series have paramagnetic
properties, which makes them likely candidates for MRI
contrast agents. Materials with paramagnetic properties act
indirectly to provide contrast enhancement by facilitating T,
and T, relaxation processes via alteration of the local magnetic
environment. Of the large variety of metals and compounds
tested, Gd™ has been established as one of the best contrast
agents due to its large magnetic moment. Currently, the most
widely used MRI contrast agent is Gd-DTPA (diethyltriamine-
pentaacetic acid, DTPA is a chelating group which binds with
the Gd™ ion); however, there are some issues concerning its
applications:

(1) Although Gd-DTPA is now used widely as an MRI
contrast agent, the uptake of Gd-DTPA in extravascular
space (due to its rapid non-specific equilibration between
the intravascular and extravascular space) as well as its
unwanted enhancement of venous (and arterial) structures
limits its potential.

(i1) Gd itself is toxic in ionic form with a half-life of several
weeks. Although it is administered in a complex form, its
stability is influenced by temperature, pH, concentration
of surrounding ions and ligands. Moreover, endogenous
metals, such as Zn and Cu, can displace Gd ion from
the complex. Weinmann et al. have shown that some
demetallation occurs in vivo with the deposition of free
Gd" ion in bones and liver, in cases of long residence
time of Gd-DTPA in the body [80].

Besides, contrast enhanced MRI with gadolinium chelates
suffers issues of timing [81], dose (e.g., better results were
obtained with double dose of contrast medium to perform
intraoperative MRI in patients with contrast enhancing
intraparenchymal tumors of the central nervous system) [82],
and surgically induced contrast enhancement [83] (i.e.,
enhancement that is caused by the surgical manipulation itself)
which may be confused with residual tumor enhancement, thus
leading to unnecessary further resection.

Among the transition metals commonly used, particle-based
systems comprise superparamagnetic iron oxide (SPIO, 50—
500 nm) or ultra-small paramagnetic iron oxide (USPIO,
<50 nm). They have emerged as T, contrast agents, which
permit negative contrast enhancement and, thus, darker images
of the regions of interest. Magnetic nanoparticles of iron oxides
[84,85] have been evaluated as an MRI contrast agent,
especially for the liver and the spleen. However, relatively
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high toxicity of magnetic nanoparticles restricts the use of these
materials to human beings [86]. Iron particles and manganese
complexes are not discussed in this review, but good summaries
can be found in other sources [87,88].

2.2.2. Nanoparticle-based contrast agents
The important features of a fluorescence-based optical
imaging agent are

. In vitro and in vivo stability;

. Resistance to photobleaching;

. High quantum yield and high absorbency;

. Resistance to metabolic disintegration and non-toxicity;
. Emission in the NIR 700-900 nm window; and

. Adequate dispersibility in the biological environment.

- 0 a0 O

Additionally, for Gd-based MRI contrast agents, it is important
that the Gd is permanently chelated to the largest extent possible.
Free Gd™ is known to be toxic. In free (uncomplexed form), it
binds to serum proteins and, consequently, most of it resides in the
bone where it becomes tightly and irreversibly associated. The
essential features involved in the design of the MRI contrast
agents (Gd"" chelates) from the point of view of synthesis, kinetic
and thermodynamic stabilities, higher relaxivities, water ex-
change, etc. have been described in detail [89,90]. To limit the
toxicity due to non-specific uptake of the contrast agent, it is
desirable that the imaging agent be sequestered preferentially at
the targeted site.

Nanoparticle-based optical contrast agents such as quantum
dots (QDs), gold nanoparticles, organically modified dye-
doped silica, up-converting phosphors and lanthanide-based
contrast agents are recent additions to the list of exogenous
contrast agents which combine a number of desired features
listed above. Out of these, the advantages of organically
modified dye-doped silica nanoparticles (including those
having multimodal functionalities), QDs and gold nanoparti-
cles are discussed below.

2.2.2.1. Dye-doped silica nanoparticles. ~ As discussed above,
rapid photobleaching is one of the problems with organic
fluorescent dyes. Numerous photochemical reactions occur in
the cellular environment that can lead to photodegradation of
the dye [91,92]. The encapsulation of the dye in a ceramic
matrix is one methodology presently in use to maximize both in
vitro and in vivo stability. This minimizes oxygen access,
increases chemical stability and allows surface modification of
the shell to enhance hydrophilic character and cell uptake.
Different techniques that are in use for encapsulation include
incorporation in nucleic acid and PNA oligomers [26], lipid
micelles [30,76,77,93,94], polymer matrices and encapsulation
in silica matrix [15,95—-102].

2.2.2.1.1. Basis of optical detection. For these composite
systems, the ‘dye’ encapsulated within the matrix of the
nanoparticles is the source of the fluorescence. The encapsu-
lation process may alter the fluorescence emission of the dye (e.
g., the emission maximum) marginally but offers many
advantages. Capturing of dye within the core prevents the dye

from rapid photobleaching [96,103] as it is prevented or delayed
from coming into direct contact with the chemicals in the
surrounding environment. Santra et al. [103] have recently
described a novel fluorescence lifetime-based approach to
determine the core-shell structure of the dye (fluorescein
isothiocyanate)-doped silica nanoparticle. It is revealed that
approximately 62% of dye molecules remained in the solvated
silica shell, while 38% of dye molecules remained in the non-
solvated (dry) silica core. This allows imaging process to be
performed over extended periods of time.

2.2.2.1.2. Properties. ~ The interest in the use of silica-coated
particles as biomarkers is increasing because of multiple reasons:

(1) Amorphous silica appears to be a biocompatible [104]
and non-toxic [105] material.

(i1) The outer silica shell allows tuning of the interaction
potential between the particles (thus influencing their
aggregation behavior).

(iii) Silica matrix is optically transparent [106] that allows
excitation and emission light to pass through the silica
matrix efficiently.

(iv) Fluorescent dyes can be effectively entrapped inside the
silica particles [107] and the spectral characteristics of the
dye molecules remains almost intact. Silica encapsulation
provides a protective layer around dye molecules, reducing
oxygen molecule penetration (that causes photodegradation
of dye molecules) both in air and in aqueous medium (in
this case dissolved oxygen) [96,103]. As a result, photo-
stability of dye molecules increases substantially in
comparison to bare dyes in solution.

(v) Facile routes are available to encapsulate the dye, e.g., the
dye can be encapsulated in a reverse micellar medium or
the dye can also be attached to the silica using a modified
Stober’s process.

(vi) The size of silica particles remains relatively unchanged
by changing solvent polarity (i.c., resistant to swelling)
and, therefore, silica porosity remains unaltered in a wide
variety of solvents.

(vii) The surface of silica particles can be easily modified to
attach biomolecules [96,97,108] such as proteins, peptides,
antibodies, oligonucleotides, etc., using conventional
silane-based chemistry. For example, carboxylated silica
nanoparticles can be covalently attached to the amine
groups of proteins, antibodies, etc., via the formation of a
stable amide bond [109] and peptides containing cysteine
residue (via-S-H group) can be attached to the aminated
silica nanoparticles [110].

2.2.2.2. Quantum dots. Quantum dots (QDs) are semicon-
ductor crystals with all three dimensions in the 1-10 nm size
range that luminesce due to quantum confinement effects. QDs
provide a new class of biomarkers that could overcome the
limitations of organic dyes. The use of QDs as luminescence
probes in cell imaging has increased significantly since the first
examples from Alivisatos [73] and Nie’s groups [111]. In many
respects, these luminescent nanocrystals behave like a transi-
tional stage between bulk semiconductors and single atoms. In
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this size regime, the electrons exhibit quantum mechanical
effects [112—119].

2.2.2.2.1. Basis of optical detection. The most useful
outcome of quantum confinement—for the applications discussed
in this paper—is the discretization of the energy levels at the edges
of both conduction and valence bands upon dimensional (size)
reduction. This can briefly be explained as follows. In extended
semiconductors, the overlap of atomic orbitals leads to the
formation of valence and conduction bands separated by an
energy gap. Upon excitation of a semiconductor, an electron is
promoted from the filled valence band to the largely empty
conduction band. This creates a positive vacancy “hole” in the
valence band. The spatial separation (Bohr radius) of this
electron-hole pair (“exciton”) is typically of the order of 1—
10 nm for most semiconductors and quantum confinement arises
when one of the dimensions of the object becomes of the order of
the exciton Bohr radius. Thus, in QDs, the excitons are confined
in a way similar to a particle-in-the-box problem leading to a finite
band gap and discretization of energy levels. This separation
(band gap) depends upon the number of “atoms” joining together
to form the band and, thus, is a function of nanocrystallite size.
Fluorescence of semiconductor nanocrystals is due to the
radiative recombination of an excited electron-hole pair. The
emission spectrum of the resulting ensemble consists mainly of a
narrow band, 30—40 nm full width at half maximum and slightly
Stokes-shifted with respect to the excitation band edge. Both
excitation and emission depend on the nanocrystallite size. As a
consequence, their optical properties are size-dependent and
governed by quantum effects resulting in a quantization of energy
levels reminiscent of that of single atoms or molecules.

Semiconductor QDs belong to either the elements combining
from the II and VI groups, e.g., CdS, CdSe, CdTe or the elements
combining from the [l and V, e.g., GaAs, InP, InAs, etc. The main
advantage offered by III-V semiconductor nanocrystals (as
opposed to the II-VI QDs which are already commercially
available) lies in the robustness of the covalent bond in III-V
semiconductors vs. the ionic bond in the II-VI semiconductors,
which might make them less cytotoxic [120]. So far, InP or other
II-V QDs have not been used for bioimaging because they are
difficult to prepare on a competitive time scale, and their quantum
efficiencies tend to be much lower.

In most of the cases, “naked” QDs are susceptible to photo-
oxidation and, thus, they need to be capped by a protective shell of
an insulating material or wide-bandgap semiconductor structurally
matched with the core material. The shell of QDs plays an
important role. The shell should be transparent, be of non-
emissive/higher band gap, and structurally similar to the core
material so as to efficiently confine the excitation to the core. For
instance, encapsulation of CdSe core by ZnS shell reduces the
photochemical bleaching and dramatically increases its quantum
yield [121]. Initially, chemically synthesized QDs could not be
employed for biochemical applications because they did not
disperse well in water, e.g., ZnS or TOPO (trioctylphosphine
oxide)-coated QDs are hydrophobic in nature. It is, thus, necessary
to make them “water soluble” (i.e., disperse them well in water) to
facilitate their conjugation to biomolecules and make them useful
for biological imaging. Some of the methods to make the QDs

water-dispersible are (i) derivatizing their surface with mercaptoa-
cetic acid [111]; (ii) encapsulating them in phospholipid micelles
[122]; (iii) derivatizing their surface with silica overcoat [123]; and
(iv) coating them with an amine-modified poly(acrylic acid)
[124,125]. Since hydrophilic surface treatment of QD was
developed, the application range of QDs has been rapidly widening
to bioimaging [111,126]. Correa-Duarte et al. [127] have reported
that a silica coating leads to a 100-fold reduction in photo-
corrosion rates for CdS nanoparticles. In our research group, water-
dispersible silica-overcoated, highly luminescent and photostable
(CdS:Mn/ZnS) (Fig. 4) semiconductor QDs have been prepared
using the reverse micellar approach [128].

2.2.2.2.2. Properties. ~Some apparent advantages of using
QDs over fluorescent dyes/probes are outlined below:
2.2.2.2.2.1. Spectral properties

(1) The emission spectra of QDs can be tuned across a wide
range by changing the size and composition of the QD
core, e.g., from UV-blue (ZnS [129]) to near-infrared
(CdS/HgS/CdS [130], InP, InAs [131]) through the visible
(CdE, with E=S, Se, Te [132]). Due to the importance of
probes with excitation and emission in the NIR region
(discussed earlier), focus on QDs emitting in the same
region has been growing.

(i1) The excitation and emission spectra of the QDs are very
favorable for biological detection. For instance, their
broad excitation spectra and narrow emission spectra help
in reduced spectral overlap, which improves the possi-
bility of distinguishing multiple fluorophores simulta-
neously. In addition, the broad excitation spectra of QDs
facilitate the use of a single excitation wavelength to
excite QDs of different colors. These properties place
QDs at an advantage over organic dyes, which have a
narrow excitation and broad emission spectra.

Fig. 4. Bright yellow emission from CdS:Mn/ZnS QDs (right) and deionized
water (left) as control. Reprinted by permission from (Ref. [28]), Copyright
(2005) American Chemical Society.
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2.2.2.2.2.2. Resistance to photobleaching. ~ Photobleaching is a
process in which molecular structure of a dye is irreversibly altered
as a result of absorption of excitation light and renders it non-
fluorescent. The photostable nature of the QD results from the
shell surrounding the core. For example, capping the QD core with
a large band gap semiconductor shell has been used to stabilize the
core in the II-VI materials. It is found that, even under the high
fluence of the confocal microscopy, the QDs fluorescence die
down at a very slow rate [92]. In other cases, e.g., for III-V
nanocrystals, the metastablility of surface capping agents is known
to affect the electron-hole recombination. To take care of
detrimental interfacial defects (which are formed due to strain
developed during the growth stage), it is pointed out that the core
and shell interfaces should be lattice mismatched [133,134]. Thus,
for example, InAs cores have been covered by different shells
made of ZnS, ZnSe, GaAs [133], etc.

2.2.2.2.2.3. Resistance to metabolic degradation. The
inorganic nature of QDs and their passivating coatings help in
their resistance to metabolic degradation. Jaiswal et al. [92]
performed a cAMP-based starvation assay to check for any
deleterious effects on cell viability and development and
observed that cells loaded with QDs remained viable for more
than 12 days. To study the toxicity of the QDs, Dubertret et al.
[122] microinjected micelle-coated QDs into frog embryos, a
delicate test system and tracked QDs up to tadpole stage. No
explicit signs of any atypical phenotypes were observed at the
end of the experiment. In vivo studies by Ballou et al. have also
demonstrated the non-toxic nature of stably protected QDs [135].
2.2.2.2.2.4. High extinction coefficients. ~ QDs have very large
molar extinction coefficients and high quantum yields resulting in
bright fluorescent probes [72]. Their molar extinction coefficients
are of the order of 0.5-5x10"® M~ ! cm™ ! [136], which makes
them bright probes in aqueous solutions [111] and also under
photon-limited in vivo conditions (where light intensities are
severely attenuated by scattering and absorption). Moreover, QDs
have long fluorescence lifetimes on the order of 20—50 ns, which
allows them to be distinguished from background and other
fluorophores for increased sensitivity of detection [73]. Their high
quantum yields (e.g., up to 85% [137]) are not significantly
affected upon conjugation with proteins.

2.2.2.2.2.5. Conjugation ability. ~ Bioconjugation of QDs can
be achieved using several approaches, e.g., they can be
conjugated to the linker [138] (e.g., avidin, protein A or protein
G, or a secondary antibody) by covalent binding [122,139],
passive adsorption, multivalent chelation or by electrostatic
interactions. Since most proteins contain primary amine and
carboxylic acid functional groups, carbodiimide-mediated
amide formation cross-linking reactions are perhaps the most
common as it obviates the need for any surface modification
before conjugation. In the electrstatic self-assembly approach,
the linker is fused to a positively charged peptide which enables
it to be conjugated to dihydroxylipoic acid-capped zinc sulfide-
coated QDs [132,138,140].

2.2.2.3. Gold nanoparticles
2.2.2.3.1. Basis of optical detection. Although nanosize
metals like gold and silver do not fluoresce, they can provide

colorimetric contrast induced by surface plasmon resonance
(SPR). SPR can provide frequency dependent light absorption
(color appearance) resulting from the collective oscillation of
the conduction electrons induced by the incident electric field.
Absorption bands appear when the incident photon frequency is
in resonance with the collective excitation of the conductive
electrons of the particle. Depending on particle size, shape and
agglomeration, gold colloids can appear red, violet or blue as
explained by the Mie scattering theory [141,142]. A 5-nm
diameter gold particle has an absorption cross section more than
2 orders of magnitude higher than that of organic fluorophores
[143—-148] at room temperature. Usually, stable gold colloids
(~15 nm) with small particle diameters and no agglomeration
are red due to a narrow surface plasmon absorption band
centered at 520 nm in their UV—vis spectrum. Any color change
to violet or blue, corresponding to a characteristic red shift in the
surface plasmon resonance of the particles from 520 to 574 nm,
indicates agglomeration and subsequently, in many cases,
particle precipitation [149]. Using a specific DNA target as a
linking molecule to aggregate gold colloids with complemen-
tary probe sequences allows one to take advantage of the novel
optical properties of dispersed versus aggregated gold particles
for use in DNA detection [150—152].

2.2.2.3.2. Properties. The SPR frequency of gold nano-
particles depends on a number of factors, such as particle size
[153—155], shape [156—158], solvent and ligand [159],
dielectric properties [160,161], aggregate morphology
[143,162—164], surface functionalization [165,166] and the
refractive index of the surrounding medium [167—-172]. Due to
their unique optical (colorimetric) properties, gold nanoparticles
are now finding increased applications in the detection of
biological systems [143—148]. The optical properties of gold
nanoparticles have been exploited for applications such as
hybridization assays, DNA sequencing [173], detection of
genetic disorders [147,174], immunoblotting, flow cytometry,
etc. It seems possible to use specific organic moieties to fabricate
and design nanoparticle aggregates whose spectra are sensitive
to particle arrangement [162,175,176]. West’s group [160,177]
has prepared metal nanoshells consisting of a dielectric core
(silica) with a metallic shell (gold) of nanometer thickness. They
have shown that the optical resonance can be tuned in a
controlled manner by varying the relative dimensions of the core
and shell across the visible and into the infrared region of the
spectrum. It is also implied that a nanoshell is over 1 million fold
more likely than the comparable dye (indocyanine green) to
encounter an absorbing event and convert that light into thermal
energy [178]. By using NIR light and nanoshells, localized,
irreversible photothermal ablation of tumor tissue both in vitro
and in vivo was carried out under MRI guidance [178]. These
nanoshells have also been used to develop a rapid immunoassay
with sub-nanometer/milliliter sensitivity that can be performed
on whole blood [179].

Colloidal gold offers some unique features over other labeling
agents, e.g., QDs, organic dyes. For instance, it does not undergo
any photodecomposition (and largely retains its optical properties;
however, they may vary depending upon the medium surrounding
it as discussed above), which is a common problem encountered
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while using fluorescent dyes. Secondly, they are not apparently
toxic, in sharp contrast to potential toxicity of semiconductor
QDs. Third, they are reasonably stable and can be stored in dry
state also. Lastly, their ability to shift the SPR, in a controlled
fashion, to the spectral region best suited for optical bioimaging
and biosensing applications would open the way to numerous
additional bioapplications [180].

3. Design of nanoparticles for bioimaging application

The main parameters that need to be considered for the
synthesis of nanoparticles for bioimaging applications are:

(1) Synthesis of optical core: The first step is the synthesis of
the core, which encapsulates the fluorochrome, e.g., the
dyes or the QDs. The most popular microemulsion system
for preparation of nanoparticle is a “water-in-oil” (w/o0)
microemulsion system, and also commonly referred to as
reverse micelles. W/o microemulsions have tremendous
scope for manipulation of reaction conditions (i.e., by
changing the surfactant co-surfactant, combination of
surfactants and co-surfactants, composition and amount
of polar media, oil, temperature, etc.) to suit the
nanoparticle design. The reader may refer to some books
which exhaustively cover this topic [181-184].

(i1) Synthesis of shell: The shell serves the purposes of pro-
tecting the optical core from the external environment thus
improving its photostability (e.g., for organic dyes), en-
hancing the optical properties (by providing a lattice mis-
match, e.g., for QDs) and providing further ability to bind/
adhere to molecules for surface stability and bioconjugation.

(iii) Surface modification: There is a natural tendency for the
particles to coagulate and aggregate. However, it is im-
portant that the nanoparticles remain suitably dispersed,
preferably, in an aqueous environment for any application.
This may be achieved by modifying the surface of the metal
nanoparticles by employing various dispersing agents, e.g.,
surfactants, polymers, chelating groups, etc.

(iv) Bioconjugation and targeting: For targeted delivery of the
nanoparticles to the desired site of action and binding, it is
necessary to attach suitable biomolecules on the surface of
the nanoparticles such as antibodies, peptides, enzymes, etc.
These molecules can also act to promote or maintain their
dispersion. The conjugation of nanoparticles and drugs, by
passive (accumulation of drug or drug carrier system at a
particular site due to physicochemical or pharmacological
factors) and active targeting (specific modification of a
nanosystems carrier with “agents” having selective affinity
for recognition and interaction with specific cell, tissue
[185], etc.) for various applications has been described by
other investigators in detail [186,187].

All of the factors need to be considered concurrently in most
cases to design optimum nanoparticulate systems for bioapplica-
tions such as in optical imaging. This is illustrated by the follo-
wing examples of preparing the dye-doped organically modified
silica nanoparticles, QDs and gold nanoparticles for bioimaging.

3.1. Dye-doped silica nanoparticles

(1) Optical core: Traditionally, silica nanoparticles have been
prepared either by using a microemulsion mediated method
[188—192] or the sol gel process [193—195] (i.e., Stober’s
method [196]). While in a typical Stober’s method, alko-
xysilane compounds (e.g., tetracthylorthosilicate (TEOS),
tetramethylorthosilicate (TMOS) and their derivatives etc.)
undergo base-catalyzed hydrolysis and condensation
reaction in ammonia—ethanol-water mixture, similar reac-
tion can takes place in the nanocores of the microemulsion
system. In the case of dye-doped silica nanoparticles, the
dye is encapsulated within a silica shell. Dye encapsulation
is achieved by either covalent attachment of the dye with
silica precursors [103,108,197,198] (e.g., with 3-(amino-
propyD)tricthoxysilane, APTS) before the hydrolysis in
Stober’s method or by first solubilising the dye in the core
of the microemulsion and then carrying out the polymer-
ization [15,97,199]. The advantage of using Stober’s
method is that the reaction can be scaled up easily to
yield large amounts of nanoparticles, but the particle size
may not be uniform and, moreover, different modifications
of the particle surface are not easily achieved. Using a
microemulsion method, fairly uniform sized nanoparticles
can be prepared but the yields are extremely low.
Importantly, the microemulsion-mediated method allows
easy modulation of the nanoparticle surfaces for various
applications.

(i1) Shell synthesis: The most common method is to use the
microemulsion route to coat the core by carrying out further
condensation of the silane reagents, i.e., TMOS/TEOS.

(iii) Surface modification: In order to allow for bioconjugation,
the shell formation is done using either the amine derivative
(e.g., APTYS) or the carboxyl derivative. Other compounds
can be introduced at this stage to obtain a better dispersion
(prevent agglomeration) of the nanoparticles in the aqueous
medium. For instance, TEOS, APTS and 3-(trihydroxysi-
lyl)propylmethylphosphonate are added in controlled
amounts to obtain good aqueous dispersions [15]. A
schematic representation of the dye-doped and amine
derivatized silica nanoparticle is shown in Fig. 5.

NH,

Fig. 5. (@) Dye-doped silica particles; (@) surface functionalized with amine
groups for bioconjugation.
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(iv) Bioconjugation: Most biomolecules, such as proteins, con-
tain primary amine and carboxylic groups which can be
covalently attached to the carboxyl functionalized nano-
particle, using carbodiimide-coupling chemistry [200].

He et al. have developed a fluorescent labeling method based
on biological fluorescent nanoparticles [99] using dye-doped
fluorescent silica nanoparticles. The particles prepared by the w/o
microemulsion method are covalently immobilized with anti-
human liver cancer monoclonal antibody HAb18 (to recognize
HepG liver cancer cells) and can identify the target cells
selectively and efficiently. Dye-labeled particles can also be
used in quantitative real-space studies with confocal fluorescence
microscopy, time-resolved phosphorescence anisotropy [201].
They can be used also as photostable biomarkers [96—98],
biosensors [102,202] and DNA hybridization analysis [203]
cancer cell recognition [99], including fluorescent-linked immu-
nosorbent assay, immunocytochem, immunohistochem [100],
etc. By combining the high-intensity luminescent nanoparticles
with the specifity of antibody-mediated recognition, ultrasensitive
target detection has been achieved in various fluorescence
labeling techniques, including DNA microarray and protein
microarray [100]. In a similar way, spherical nanosized luminol/
Si0O, composite particles synthesized using reverse micelles were
modified with chitosan and used to label DNA [203].

Our group has recently prepared multimodal nanoparticles
containing gadolinium and dye (i.e., tris(2,2’-bipyridyl)dichlor-
oruthenium(INhexahydrate: Rubpy)-doped silica (Rubpy:Gd""/
Si0,) nanoparticles which can be readily bioconjugated. While
the dye encapsulated in the core of the nanoparticle provided the
optical detection capability, Gd™' chelated to the surface of the
nanoparticles using silane ligands enabled MR sensitivity. In
order to demonstrate multimodal imaging capability, Rubpy:
Gd"'/SiO, nanoparticles were first conjugated to folate and then
incubated with human lung cancer cells (A-549) [204]. Fig. 6
shows the fluorescence and MRI images of the gel, which clearly
show effective loading of nanoparticles into A-549 cells and
multimodal bioimaging capability of these nanoparticles. Both
inorganic (e.g., Rubpy) [15,97] as well as organic(tetramethylr-
hodamine ) [101] dyes can be incorporated in the silica matrix
with suitable modification. In a recent example, a combination of

Optical
White Light

Fluorescence

dyes (tris(2,2’-bipyridyl)osmium(II)bis(hexafluorophosphate)
and Rubpy) was simultaneously entrapped inside silica nano-
particles at precisely controlled ratios. The single-wavelength
excitation with dual emission endowed the nanoparticles with an
optical encoding capability for rapid and high-throughput multi-
plexed detection [205]. Furthermore, Tan’s group has also
prepared silica nanoparticles encapsulated with three dyes. They
have shown that, by varying the doping ratio, the fluorescence
resonance energy transfer-mediated emission signatures can be
tuned such that the nanoparticles exhibit multiple colors under
one single wavelength excitation [199].

3.2. Quantum dots

(1) Optical core synthesis: The subject of semiconductor nano-
particle preparation and properties has been covered in
previous reviews [206—210]. In the past, QDs have been
prepared by precipitation of the metal, e.g., Hg, Zn, Cd with
the hydroxide of S, Se, etc. in the presence of the colloidal
stabilizers [211,212]. A recent and more commonly used
method involves high temperature (300 °C), surfactant
synthesis starting from dimethyl-cadmium precursors in
TOPO or hexadecyl amine. This hot synthesis method
yields highly crystalline QDs with high quantum yields.
The surfactant covers the growing crystallites and prevents
their aggregation, as well as limits the dissolution of smaller
nanocrystals in favor of larger ones (a process known as
Ostwald ripening). Another method used frequently for
QDs preparation is the w/o microemulsion (reverse micel-
lar) method. Here the precipitation between the metal and
the chalcogenide is carried out in the water domain of the
reverse micelle, which yields surfactant-capped nanocrys-
tals. CdS [213-215] CdS/ZnS [216], CdSe [217], CdMnS
[218,219], ZnSe [220], ZnS:Mn [221], ZnS:Mn/ZnS [222],
etc., QDs have been prepared using w/o microemulsions.

(i1) Shell synthesis: The core is covered with a shell of a large
band gap semiconductor shell (for reasons discussed above
under “resistance to photobleaching”). For example, in the
CdSe core QDs are covered by the epitaxially matched ZnS
layer, which effectively passivates the surface defects of
CdSe, prevents photo-corrosion and thus improves the

MRI (T, weighted)

*

Fig. 6. Cancer cell imaging using multimodal nanoparticles. (a) 1x10~° A549 cells in 2% agarose; (b) nanoparticles labeled cells visualized under white light
illumination; (c) labeled cells visualized using reflectance fluorescence imaging; and (d) labeled cells detected by MRI on T, weighted scans. Reprinted by permission

from Adenine Press (Ref. [204]), Copyright (2005).
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quantum yield. Similarly, capping has also been achieved
using ZnSe [223]. The shell formation is carried out
subsequent to the formation of the QD core. In our group,
Santra et al. have recently prepared highly luminescent and
photostable CdS: Mn/ZnS core/shell QDs [110,128].

(iii) Surface modification: The nanocrystals formed using
TOPO are capped with a monolayer of the organic ligand
and are soluble only in non-polar solvents. For bioima-
ging applications, these hydrophobic dots can be made
water dispersible by using amphiphilic polymers such as
poly(ethylene glycol)(PEG). Other polymers used include
poly(acrylic acid), PEG-derivatized phospholipids, block
copolymers and polyanhydrides [122,224,225]. PEG not
only enhances the aqueous solubility of the QDs but also
reduces nonspecific adhesion to biological cells. Pegyla-
tion has proven to be fully compatible with QD surface
chemistries and is bound to play a prevalent role when
optimizing in vivo pharmacokinetics of QD bio-probes
[135]. The surface of the QDs has also been protected by
silica layer [123].

(iv) Bioconjugation: All QDs surface chemistries are designed
to provide reactive groups such as amine (—NH,),
carboxyl (—COOH) or mercapto (—SH) groups for direct
conjugation to biomolecules. Finally, the QDs are
conjugated to the linker (e.g., avidin, protein A or protein
G, or a secondary antibody) by covalent binding passive
adsorption, multivalent chelation or by electrostatic
interactions (discussed above, under conjugation ability).

Some recent reviews have dwelled on the applications of
QDs as bio-probes [226—229]. The potential benefits of the use
of conjugated QD probes to monitor cellular functions has
prompted extensive efforts to develop methods for synthesizing
water-dispersible and biocompatible QDs that can be widely
used for fluorescent-based bioimaging [225,230,231]. QDs
have been used to image blood vessel [232], to target tissue-
specific vascular markers [233] and to image lymph nodes [79]
in mice. QDs are, thus, highly suited for imaging cells deep
within tissues[79,232,234,235].

3.3. Gold nanoparticles

(1) Optical core synthesis: As described earlier, nanosize gold
provides colorimetric contrast induced by surface plasmon
resonance (SPR), which is a function of the size, shape and
dielectric constant of the medium. A large number of
methods, which give control over the above parameters, are
used to prepare gold nanoparticles. The common methods
include reduction of gold precursors in the presence of
capping agents [155,236], by the use of microemulsions
[237-239], copolymer micelles [240], reversed micelles
[239], surfactant, membranes, by the seed mediated method
[241], reduction of gold precursors using a combination of
appropriate reducing agents and radiation such as ultra-
sound [242—247], heat [248-250], etc.

(i1) Surface modification. It is necessary to modify the gold
nanoparticle surface to improve its dispersion and also to

allow for bio-conjugation for imaging applications. Liu and
Han report an efficient process for preparing monodisperse
SiO,-coated Au nanoparticles using vigorous shaking
(rather than magnetic stirring) and without the use of
surface-coupling silane agents or large stabilizers [251].
Recently, chitosan has been used as a reducing and
stabilizing agent for gold nanoparticles [252].

(ii1) Bioconjugation: The positively charged protein can be
conjugated to negatively charged gold nanoparticles via
electrostatic interactions [253], or by chemical bond
formation between protein molecules containing sulpho-
hydryl (—SH) groups which have high affinity towards the
gold atoms. Mirkin’s group demonstrated in 1997 that
gold nanoparticles could be surface functionalized with
thiolated oligonucleotides and stabilized in aqueous
biological buffers [143].

Different groups [174,254] have shown that it is possible to
detect a wide range of biological macromolecules using modified
gold nanoparticles offering distinct ‘Raman Signatures’. It is now
known that only a very small number of molecules, located in the
gap between two nearly touching gold nanocrystals on the surface,
actually provide the enhanced signal [255]. Gold nanoparticle
bioconjugates have been applied to polynucleotide detection using
mercaptoalkyl oligonucleotide-modified gold nanoparticle by
exploiting the change in optical properties resulting from
plasmon—plasmon interactions between locally adjacent gold
nanoparticles [143]. Gold nanoshells have also been fabricated for
near-IR resonance, and antibodies against target antigens were
conjugated to the nanoshell surfaces [179]. When introduced into
samples containing the appropriate antigen, the antibody—antigen
linkage caused the gold nanoshells to aggregate, shifting the
resonant wavelength further into the IR. In addition, due to
excellent biocompatibility [256—258] and available facile biocon-
jugation protocols [259] (e.g., to attach proteins), gold nanopar-
ticles have also been used for tumor directed drug delivery
[260,261]. Gold nanoparticles resistance to photodecomposition,
SPR tuning capability and non-toxic nature provide it some unique
advantages over other conventional probes.

4. Trends and opportunities

Fluorescence is a widely used tool in biology. The drive to
measure more biological processes simultaneously imposes new
demands on the fluorescent probes used in these experiments.

‘While there has been much progress in molecular imaging with
nuclear techniques (PET, SPECT, etc.) fluorescent probes, and
now, particularly, near-IR fluorochromes, coupled with fluores-
cence-enhanced tomography may offer greater imaging sensitiv-
ity owing to the repeated activation, relaxation and re-emission of
fluorescent photons by the NIR fluorophores. However, many of
these organic dyes are hydrophobic and/or their fluorescence is
quenched in isotonic conditions. Nanoparticle technology has
been utilized to overcome the hydrophobic property of these dyes,
but problems still remain in their fabrication.

Some critical aspects that need to be addressed before these
(fluorophores) can be employed for clinical translation are:
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(1) Detection of the fluorescent signals generated from
deeply located targets at the tissue surface;

(i) Optimization of loading of encapsulated dye for optimum
detection;

(iii) Sufficient photostability for in vivo applications;

(iv) Synthesis of a range of NIR dyes, with fluorescence in the
NIR window, 650-900 nm, for application to varied
biological samples; and

(v) Ideal probes for multicolor experiments should have a
narrow symmetric emission spectrum (in contrast to
conventional dyes with a broad emission spectrum with a
long tail at red wavelengths), and the whole group of probes
should be excitable at a single wavelength [262].

While QDs have emerged as promising probes for bioimaging,
and particularly for multiplexing, there are a number of issues that
warrant attention before their full potential can be realized. After
coating (done to improve the dispersion in water and bioconjuga-
tion), the dimensions of a QDs approach those of large proteins
(7—15 nm); this may limit access to parts of tumors. Moreover, the
semiconductor crystallites are relatively dense (specific gravity
5-6) and massive (~ 500 kDa); it is possible that they may affect
labeling in vivo. Another negative photophysical aspect of these
particles has been fluorescence intermittency (blinking) [263].
Many researchers have shown that there is no, or small, toxicity
linked to such particles [92,122] but there have been other reports
in the literature about their toxicity. In fact, a widespread rep-
lacement of organic fluorophores with II/ VI type QDs in
bioimaging is hindered by the inherent cytotoxicity of the in-
dividual ions (Cd*", Se** and Te*") that the QDs are composed of
[264,265]. Yamazaki et al. have found InP to be comparatively
less toxic [266]. This makes III-V QDs potentially better can-
didates than II-VI QDs (e.g., CdSe) for biological applications
such as bioimaging and photodynamic therapy.
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