
Visions & Reflections

Nanoscale science: a big step towards the Holy Grail 
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Abstract. Light scattering from metal nanoparticles and
fluorescence from quantum dots offer distinct advantages
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over traditional fluorophores when it comes to detection
of single molecules in living cells.
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Introduction

The sequencing of the genomes of many organisms, in-
cluding metazoans, has altered the focus of cellular and
molecular biology to what is variously known as ‘the
function deficit’, ‘post genome science’ or ‘functional
genomics’. Sequenced genomes give us a wonderfully
solid foundation for the study of molecular function, but
do not shed much light directly onto the molecular and
cellular function of molecules whose synthesis is tem-
plate driven (RNA, proteins). Moreover, sequenced
genomes provide little information regarding the function
of molecules whose synthesis is not template driven,
complex secondary gene products, so lipids, glycolipids,
polysaccharides, collectively termed the metabolome or
more specifically the lipome and the glycome. These
molecules occupy a chemical information space (equiva-
lent to a sequence space or sequence diversity) similar or
larger than that of the genome. Their complexity, particu-
larly that of the glycome, co-evolved with metazoans and
reflects the increased communication needs of these or-
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ganisms, which has been met to an extent by use of an in-
terpretative assembly system. Thus, in terms of the func-
tion deficit we ignore these molecules at our peril, yet
their study is difficult, restricted to biochemical analyses
and, for complex polysaccharides where chemical syn-
thesis is not currently possible, purification from natural
sources is necessary.
At the heart of the function of biological macromolecules
lies their association with other macromolecules to form
complexes that are interdependently dynamic in time,
composition and cellular location. Thus, to overcome the
function deficit we must aim to elucidate the parameters
that govern the expression and subcellular location of
such dynamic complexes. The analytical methods from
molecular cell biology and biophysics that are available,
e.g. green fluorescent protein (GFP), epitope tags and
monoclonal antibodies, are extremely powerful, particu-
larly when coupled to the fluorescence imaging of single
living cells. However, these methods have limitations. For
example, the titration of components of molecular com-
plexes that inevitably accompanies overexpression of a
tagged species in cells alters all aspects of the dynamics
of such complexes. Whereas extremely careful experi-
mentation can exploit such titration to deepen our under-



standing of the phenomenon under investigation [1],
more often than not the consequence of this approach is
confusion. Other major drawbacks of current approaches
include (i) they measure the behaviour of an ensemble
and so only the average behaviour of a molecular popula-
tion is measured, while it is clear that often individual
members of a population of molecules at different cellu-
lar locations perform different functions; and (ii) their
parallelism or level of ‘plex’ is low. Some consequences
are that it is difficult to follow more than two or three
molecular species at a time and important associations,
which are ‘minor’ in terms of absolute numbers of partic-
ipating molecules, but functionally important, will be
overlooked.
Tags that are detectable at the single molecule level would
solve many of the problems outlined above and so repre-
sent a Holy Grail for molecular life scientists intent on
providing solutions to the function problem. Molecules
carrying such tags would be used at a cellular concentra-
tion equivalent to just a few molecules per cell, so re-
moving the problem of titration. Biophysics would study
the properties of multiple individual components in indi-
vidual complexes in single cells. Glycomics and lipomics
would finally have an equivalent of polymerase chain re-
action (PCR). Although recent progress in fluorescence
signal detection has made possible the detection of con-
ventional fluorophores in living cells at the single mole-
cule level [2], these fluorophores photobleach relatively
quickly, so there is a need for new tags that allow easier
and more photostable detection.
Two products of nanoscale science, semiconductor nano-
crystals [3] and metallic nanoparticles [4], have been 
suggested as the route to this Holy Grail of single mole-
cule detection [5], with a high degree of multiplexing [6].
In the remainder of this review, we examine the synthesis
and properties of these materials and evaluate their 
current performance in the emerging field of nanobio-
technology [7]. Finally, we critically evaluate whether
such materials are indeed the Holy Grail they are pur-
ported to be.
The proliferation of the ubiquitous term ‘nano’ can be
traced back to the mid-1990s, when research groups on
the East and West Coasts of the United States synthesized
quantum-confined, spherical cadmium selenide (CdSe)
nanocrystals, with control of both size and size distribu-
tion [8, 9] and researchers in Liverpool synthesized small
(2–8 nm), spherical gold (Au) nanocrystals with moder-
ate control of size and size distribution [10]. Both of these
new syntheses resulted in nanocrystals stabilized by
alkane chains and soluble only in nonpolar organic sol-
vents. While the as-synthesized nanocrystals are not wa-
ter soluble and, hence, virtually useless for biological ap-
plications, incredible progress has been made in the last
decade to remedy this situation.
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Quantum dots

Semiconductor nanocrystals, also called quantum dots,
are fluorescent particles. Their usefulness derives from
the ability to tune the wavelength of emitted light by us-
ing particles of different diameters. This property, known
as quantum confinement, refers to the fact that the diam-
eter of semiconductor nanocrystals is smaller than the
equilibrium separation distance of the electron-hole pair
(exciton) formed in the bulk material upon promotion of
an electron from the valence band to the conduction band.
The smaller the diameter of the nanocrystal, the more
confined the exciton is, resulting in a larger gap between
the valence and conduction bands and, hence, a blue shift
in the emitted light. By changing the composition of the
nanocrystal, in addition to its diameter, the wavelength of
emitted light can be varied from the ultraviolet, through
the visible and into the infrared (IR) region of the elec-
tromagnetic spectrum. While the spectrum of emitted
light is very narrow [<30 nm full width at half maximum
(FWHM)], the absorption spectrum is very broad. This
allows a single light source to excite all of the semicon-
ductor nanocrystals, regardless of their emission wave-
length. In an effort to increase the quantum efficiency of
light emission, an epitaxial layer of another semiconduct-
ing material was added to the nanocrystals to create a
core/shell structure. Initially the shell material was cho-
sen to have a higher band gap than the core, confining the
electron-hole pair to the core and separating it from the
non-radiative traps and defects on the surface of the
nanocrystal [11–13]. This allowed quantum yields to ap-
proach 100% while still retaining the same emission
spectra as the original nanocrystal. Recently, a similar ap-
proach was employed to confine the electron to the core,
while confining the hole to the shell, and vice versa [14].
The emission spectra resulting from this situation is con-
siderably red shifted compared to the original nanocrys-
tal, opening up even more of the electromagnetic spec-
trum for a particular core material. Although the quantum
yield peaks around 50%, these particular core/shell
nanocrystals show the most promise in photovoltaic ap-
plications where efficient charge separation is crucial.

Metallic nanoparticles

While metallic nanocrystals do not exhibit the same effi-
cient fluorescence characteristic of semiconductor
nanocrystals, they do still possess a distinctive optical
property, known as surface plasmon resonance, which is
effectively due to the collective oscillation of free elec-
trons. For the two most-studied metal nanocrystals, Ag
and Au, the wavelength at which this occurs is in the
vicinity of 400 and 500 nm, respectively, and is a function
of the nanocrystal size and composition, the molecules



attached to the surface of the nanocrystal and the sur-
rounding medium. Most of the current biological appli-
cations of metal nanocrystals, rely on their light-scatter-
ing properties, mainly because scattered light can be de-
tected thousands of times more sensitively than
transmitted light [15, 16]. A solution of nanocrystals will
scatter an incident beam of monochromatic light at that
very same wavelength, but when illuminated with an in-
cident beam of white light, the wavelength at which the
scattered light is a maximum is a function of particle size,
shape and composition. Through a combination of Ag
and Au nanocrystals of different sizes, one can view scat-
tered light of every colour in the visible light spectrum.
The particle size dependence of the wavelength of scat-
tered light was predicted by Mie using classical electro-
magnetic theory [17, 18]. In the Rayleigh limit (R < l/20,
where R is the radius of the nanocrystal and l is the wave-
length of incident light) the wavelength of scattered light
remains unchanged, while the intensity increases as R6.
For nanocrystals outside the Rayleigh limit, an increase
in particle size broadens the scattering spectrum and
shifts it to longer wavelengths. In general, the maximum
intensity of light scattered from a Ag nanocrystal is at
least 10 times that of a Au nanocrystal of the same size,
and the spectral shifts with regard to particle size are
more pronounced. The scattering spectra are also affected
by the refractive index of the medium containing the
nanocrystals. Increasing the refractive index increases the
intensity of scattered light and shifts it to longer wave-
lengths. The intensity of scattered light for Au nanocrys-
tals is enhanced by an increase in the medium refractive
index more so than Ag, but the spectra of Ag shift more
than those of Au [15]. These effects are important exper-
imentally because raising the refractive index of the
medium increases the signal-to-noise ratio of a particular
measurement by both increasing the scattering from the
metal nanocrystals and decreasing the background scat-
tering from dielectric materials, such as microscope
slides, cuvettes and so on. Light scattering from metal
nanocrystals cannot be quenched, and the nanocrystals do
not degrade under optical excitation like many molecular
fluorophores, permitting time-dependent studies. In fact,
the scattered light intensity of a 60-nm-diameter Au
nanocrystal is approximately equivalent to the fluores-
cent light intensity of 270,000 fluorescein molecules
[15]. This allows the detection of a single particle using a
simple optical microscope in dark-field mode. The main
drawback of this detection strategy is the background
scattering from the biological sample and from defects in
microscope slides. This background cannot be removed
by an emission filter in an experiment where the illumi-
nation and detection have to be at the same wavelength,
but, as mentioned above, refractive index matching can
be effective. To ensure that the detected light comes from
a metallic particle, more sophisticated instrumentation is

needed in which the scattered light is analysed using a
spectrometer coupled to the microscope or a tunable fil-
ter to recognize the characteristic scattering spectrum of
the metallic nanoparticles. A novel method based on light
absorption (photothermal detection) ist not subject to
background scattering.

Practicalities of nanoparticles: first steps

While fluorescence from semiconductor nanocrystals
ranging from the ultraviolet (UV) to the near-IR is best
achieved in particles less than 10 nm in diameter, sizes
easily obtained by syntheses in organic solvents, metal
nanocrystals need to be greater than 30 or 40 nm in di-
ameter in order to take advantage of their light-scattering
properties. This is too large to be synthesized in organic
solvents, but an aqueous synthesis utilizing sodium cit-
rate as both reducing agent and electrostatic stabilizer is
capable of producing Au nanocrystals between 10 and
150 nm in diameter [18]. For reproducible, quantitative
results, nanocrystals need to be monodisperse in both size
and shape. Unfortunately, the citrate-reduction synthesis
gives highly polydisperse results when trying to synthe-
size nanocrystals greater than ~30 nm in diameter. Re-
cent work using 12-nm citrate-stabilized Au nanocrystals
as seeds for the growth of larger nanocrystals has made
possible the synthesis of monodisperse, spherical
nanocrystals, with diameters between 30 and 110 nm, and
monodisperse, ellipsoidal nanorods of similar size [19].
Although substantial advances have been made in the
synthesis of large, water-soluble Au nanocrystals, the
same cannot be said for Ag nanocrystals. Ag oxidizes
much more readily than Au, and the larger van der Waals
attraction between Ag spheres compared to Au spheres
reduces the effectiveness of electrostatic repulsion as a
method of stabilization. Thus far, the solution to this
problem has been to deposit Au around the Ag nanocrys-
tal, much like the seeded growth syntheses mentioned
previously, in order to reduce the oxidation of the Ag sur-
face. In monolayer and bilayer quantities, it has been
shown that this does not affect the absorption or light-
scattering properties of the original Ag core [20].
Synthesis of semiconductor nanocrystals occurs almost
exclusively in organic solvents because they allow pre-
cise control of the nanocrystal size, shape and size distri-
bution. The remaining challenge is to transfer these
nanocrystals into an aqueous environment. The two most
common techniques to bring about this phase transfer are
ligand exchange and silanization.
Solubilization via ligand exchange requires displacement
of the hydrophobic molecule attached to the surface of
the nanocrystal by a hydrophilic one, usually a carboxylic
acid-terminated molecule [21, 22]. The efficiency of this
technique is dependent upon the relative bond strengths
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between the two molecules and the nanocrystal surface,
and usually requires a large excess of the hydrophilic
molecule in solution during the ligand exchange. Unfor-
tunately, this requirement precludes the direct attachment
of some biological molecules that are not available or are
prohibitively expensive in such large quantities, many
peptides and proteins, for example.
Another approach to making nanocrystals water soluble
is to encapsulate them in a layer of silica/siloxane via a
surface silanization procedure [23, 24]. In subsequent
cross-linking reactions, charged molecules can be incor-
porated into the shell to provide electrostatic stabilization
to the water-soluble nanocrystals, or long-chained, hy-
drophilic molecules, such as polyethylene glycol, can be
used to provide steric stabilization. The resulting silica
shell has exposed amino, mercapto and phosphate groups
that can be used to further functionalize the nanocrystal
surface. While the silica-encapsulated nanocrystals are
very stable and do not aggregate in aqueous solution,
gradual decomposition of the silica layer eventually leads
to nanocrystal precipitation and limits the length of time
they can be left in water.
The uniformity of citrate-stabilized Au nanocrystals, the
ease with which the citrate molecules can be displaced
from the Au surface, and the unique optical properties of
both individual and aggregated clusters of Au nanocrys-
tals are critical to their successful utilization in biological
applications. One area where this came to fruition early
was the attachment of thiol-terminated DNA oligonu-
cleotides to Au nanocrystals, in which complementary
strands of DNA were used to assemble both dimers and
trimers and large, aggregated structures of nanocrystals
[25, 26]. The nucleotide-induced aggregation caused a
red to blue colour change in the aqueous nanocrystal so-
lution. This aggregation is reversible upon heating the so-
lution above the melting temperature of the DNA. In this
way the absorbance of Au nanocrystals is used to detect
DNA hybridization [27, 28]. A more solid-state approach
to the detection of DNA hybridization is to immobilize a
strand of DNA on a substrate and flow a solution of
nanocrystals containing the complementary strand of
DNA over the substrate [29, 30]. The attachment of
nanocrystals on the surface can be detected by light scat-
tering. This technique offers greater sensitivity and can
detect DNA in the femtomolar concentration range [29,
31]. The DNA can also be used as a substrate for restric-
tion enzymes [32].
The most promising application of semiconductor
nanocrystals is the fluorescent labeling of biological sam-
ples. Quantum dots possess numerous properties that
make them more attractive than conventional fluo-
rophores, including narrow, tunable and symmetric emis-
sion spectra; broad, continuous excitation spectra; and
lifetimes long enough to allow the filtering of cell auto-
fluorescence. The biggest obstacle to widespread appli-

cation of quantum dots as biological labels is tailoring the
surface chemistry to reduce non-specific binding and the
propensity of these materials to degrade and aggregate in
aqueous environments. Three early examples success-
fully implemented different techniques to fluorescently
label cells with CdSe core/shell quantum dots. Alivisatos
and co-workers used CdSe/CdS core/shell nanocrystals
encapsulated in a silica shell [33]. Small, green-emitting
nanocrystals with trimethoxysilylpropyl urea and acetate
groups selectively bound to the nucleus of 3T3 mouse 
fibroblast cells, presumably through the well-known 
uptake of polyanions by nuclei. Larger, red-emitting
nanocrystals with biotin attached to the surface bound to
F-actin filaments prelabeled with phalloidin-biotin-strep-
tavidin. The sample was imaged with a wide-field micro-
scope using a mercury lamp as the excitation source in or-
der to view both colours at the same time. Nie and co-
workers employed mercaptoacetic acid to make their
CdSe/ZnS core/shell nanocrystals water soluble [21].
Proteins were cross-linked to the free carboxyl group via
reactive amine groups. For example, the attachment of
transferrin allowed receptor-mediated endocytosis of the
transferrin ligand to be followed in cultured HeLa cells.
In another experiment immunoglobulin G was attached to 
the quantum dots, which were then specifically aggre-
gated by a secondary antibody in order to show extensive
aggregation in the presence of a specific polyclonal anti-
body. In a comparison with rhodamine 6G, the quantum
dots were found to have a spectral width 1/3 that of rho-
damine 6G, stability to photobleaching 100 times greater,
and fluorescence emission intensities equivalent to about
20 rhodamine molecules. Thompson and co-workers
treated CdSe/ZnS core/shell quantum dots with dithio-
threitol to form a hydroxyl-terminated surface [34]. Fur-
ther treatment with 1,1¢-carbonyl diimidazole and 5¢-am-
inated oligonucleotides produced highly water soluble
nanocrystals with no significant aggregation or loss of
oligonucleotide after 2 months. These oligonucleotide-
coupled quantum dots were then used in a fluorescence in
situ hybridization assay for a Y chromosome-specific se-
quence in human sperm. The result was highly specific
quantum dot binding to cells containing Y chromosomes
and a lack of non-specific binding for quantum dots with
just a hydroxylated surface and for those coupled to ran-
dom oligonucleotides.
One potential benefit of using quantum dots as fluores-
cent labels is the degree of multiplexing they offer,
though there is a trade-off in terms of size, since genome-
scale degrees of multiplexing require mesoscale parti-
cles. Thus, by embedding different-sized quantum dots in
micron-sized latex beads at precisely controlled ratios,
Nie and co-workers predict a theoretical coding of 106

proteins or nucleic acids by using six different colours
and 10 intensity levels [35]. Realistically, they envision
detection of five or six different colours and six intensity
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levels, giving 10,000–40,000 biological labels. The
beauty of their approach is that the CdSe/ZnS core/shell
quantum dots do not need to be made hydrophilic. They
are embedded into the beads in their as-synthesized, hy-
drophobic state. The pores are then sealed with a thin
polysilane layer to protect the quantum dots from degra-
dation in aqueous conditions and the temperature cycling
conditions of DNA hybridization assays. Biological mol-
ecules are attached to the latex beads by cross-linking
with surface-bound carboxylic acid groups. For more de-
tailed information concerning the biological applications
of semiconductor nanocrystals, the reader is directed to
the handful of recent reviews devoted specifically to this
topic and the references therein [36–39].
The question of how quantum dots and nanoparticles en-
ter the cell, and whether or not they can be designed to
specifically target particular subcellular compartments is
as important to their future applicability as how they per-
form once they get there. Given their size, it is perhaps
not surprising that these materials may be placed in the
cell interior not only by direct physical methods, but also
by methods that use the cellular machinery which is
adapted to the transport of proteins from the cell exterior
to the cell interior and, once in the latter, to specific sub-
cellular compartments. A great deal of work thus far has
focused on the labeling of cells via bonding to mem-
brane-bound receptor proteins [40–42] and examining
quantum dot stability upon microinjection into cells
[43–45]. Kyriacou and co-workers [46] studied the accu-
mulation of Ag nanoparticles in living bacterial cells, as a
result of aztreonam-induced disruption of the cell wall
and the concomitant increase in membrane permeability.
These particles, however, are quickly extruded from the
cell by an efflux pump. Superparamagnetic nanoparticles
derivatized with a membrane translocation signal, HIV-
Tat peptide, were efficiently internalized into haema-
topoietic and neural progenitor cells, presumably via ad-
sorptive endocytosis, and were retained for several days
[47]. Quantum dots coated with homing peptides and in-
jected into mice were able to specifically bind to various
vascular sites depending on which peptide was bound to
the quantum dot [48]. The coadsorption of polyethylene
glycol was shown to reduce nonspecific uptake into the
liver and spleen by 95%. Tkachenko and co-workers [49]
conjugated peptides to Au nanoparticles modified with
bovine serum albumin in order to achieve both receptor-
mediated endocytosis and nuclear targeting of intact
HepG2 cells. It was shown that the efficiency of nuclear
targeting was greater for nanoparticles coated with two
groups of short peptides, one coding for receptor-medi-
ated endocytosis and the other possessing a nuclear lo-
calization signal, compared to nanoparticles coated with
long peptides that coded for both processes. The move-
ment of the nanoparticles in the cell was followed by
video-enhanced colour microscopy and differential inter-

ference contrast microscopy, and made possible by the
large visible light absorption and scattering cross-sec-
tions of the 20 nm Au nanoparticles.
In addition to using nanocrystals to detect biological mol-
ecules, biological molecules can be used to self-assemble
nanocrystals into patterns that are not otherwise thermo-
dynamically or kinetically favourable. Complementary
strands of DNA can be attached to nanocrystals of differ-
ent size, shape and/or composition. In this way, large
nanocrystals can be surrounded by small ones [50], metal
nanocrystals can be surrounded by semiconductor ones
[51] and so on. The challenge with this technique is to
control the degree of nanocrystal ordering. Ideally, one
would like to form dimers, trimers and other well-defined
structures, such as monolayers and multilayers [52].
However, this requires precise control of the number of
DNA molecules attached to the surface of the nanocrys-
tal, and it is not currently possible to generate a solution
of nanocrystals with only, and exactly, one (or two, or
three) DNA molecules per nanocrystal. In a given solu-
tion there is a statistical distribution of desired capping
ligands per nanocrystal. The challenge then is to separate
the nanocrystals with one oligonucleotide from those
with two, three, four and so on, which at the present time
has only been consistently achieved by gel electrophore-
sis [53, 54]. To achieve maximum resolution, the nano-
crystals should be size monodisperse and homogeneous
in charge, and the DNA molecules should have a mobil-
ity similar to that of the nanocrystals so that the attach-
ment of only one or two oligonucleotides has a significant
effect on overall mobility through the gel. Besides being
time consuming and relatively inefficient, the pore size of
the gel presents a serious limitation to the size of
nanocrystals that can be separated using this technique.

The biology-nanoscale science synergy:
Holy Grail in sight?

The above pioneering work highlights the potential of
nanocrystals. It is clear that the ligand shell is critical for
exploitation of the remarkable properties of these materi-
als, since nanoparticles otherwise tend to aggregate
and/or oxidize, particularly in aqueous solutions. Current
ligand shells (polymers, including nucleic acids, self-as-
sembled layers, e.g. mercaptoundecanoic acid) fall short
of the ideal, since they do not meet one or more of the fol-
lowing criteria: (i) protection of the nanocrystal from
complex experimental environments, which may range
from electrochemical to biological; (ii) provision of the
means to couple functional groups specifically at defined
stoichiometry; and (iii) a defined thickness such that the
geometry of assemblies of nanocrystals can be predicted
and the prediction verified against experimental observa-
tions. Thus, the field is still some way off from routine
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synthesis of monodisperse nanocrystals with an inert lig-
and shell substituted by active groups (DNA, peptide and
so on) at an exact stoichiometry. One consequence is that
standard preparative biochemical chromatographic tech-
niques, which are suitable for industrial scale-up, as
would be required for mass production of a sensor, can-
not be applied to most existing preparations of nanocrys-
tals.
The main difficulty in designing new ligand shells is our
lack of understanding of the organization of the ligand
shell itself; interference by nanocrystals with sensitive
spectroscopic techniques, e.g. IR, which would normally
be used to establish the structure of the ligand shell, be-
ing a major contributing factor. The use of flat surfaces as
a proxy for nanocrystals, e.g. Au(111), in lieu of Au
nanoparticles may advance substantially the use of
nanocrystals.
Nanocrystals will only become part of the routine of cell
and molecular biology when the above problems are sat-
isfactorily resolved. However, new solutions to these
problems are being published on almost a daily basis
[55–60]. Moreover, major products based on nanocrys-
tals are finding their way onto the market, e.g. the Qiagen
HiLight system (Qiagen, Hilden, Germany), which de-
tects DNA by use of the resonant light scattering of Au
and Ag nanocrystals. So the Holy Grail may not be quite
in our grasp, but it certainly is in sight, and this exciting
and fast moving field will have solved many of its current
major problems by the end of the decade. By this time cell
and molecular biologists are likely to have nanocrystal-
based detection kits, some of which will be single mole-
cule sensors, and the health care system will have simple
but very sensitive sensors for common clinical tests.
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